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SUMMARY
One of the major aims of this study was to develop a method 
for the isolation and maintenance of tracheal epithelial cells 
in both suspension and culture, such epithelial cells could then 
be used as a valid experimental system for respiratory carcino­
genesis studies*
In this study, I describe for the first time the isolation 
of viable tracheal epithelial cells* The method described gives 
a good yield of viable cells, most of which appear to be ciliated* 
The cells were characterised by various biochemical and histo— 
chemical assays* One major advantage of such isolated cells 
is the preservation of both Phase I and Phase II metabolising 
enzymes under conditions similar to those found in vivo. These 
isolated cells were then used as starting material for the cell 
culture, and a cell monolayer was obtained. The cells were g r o w  
in the presence of serum and were highly proliferative*
Human carcinoma arises in epithelium and is the predominant 
form of human cancer, therefore it is important to study the tissue 
of origin for the amounts of carcinogens metabolized and the types 
of products formed*
Aryl hydrocarbon hydroxylase activity was present in 
significant amounts in the freshly isolated tracheal cells* 
Treatment of the cultured cells with 3-methylcholanthrene, 
benz(a)anthracene and benzo(a)pyrene increased the activity of 
the enzyme, and the best inducer was benz(a)anthracene* The 
metabolism of benzo(a)pyrene was studied in lung and trachea
short-term organ culture, in freshly isolated cells and cultured 
cells.
A chromatographic investigation of the metabolic products 
has show that the major ethyl acetate-soluble metabolite formed 
by freshly isolated cells was 3-hydroxybenzo(a)pyrene, while with 
short-term organ culture and in the cultured cells, the major 
metabolite formed was 9,10-dihydro - 9,10-dihydroxybenzo(a)- 
pyrene. This difference was probably due to the time of incubation 
(6 hours only)* Other metabolic products identified were
7,8-dihydro - 7,8-dihydroxybenzo(a)pyrene,
4,5-dihydro - 4,5-dihydroxybenzo(a)pyrene and
3-hydroxybenzo(a)pyrene *
In cell culture, a water-soluble glucuronide conjugate of 
3-hydroxybenzo(a)pyrene was identified* The presence of further 
metabolites such as catechols and quinones was also observed*
The production of 7,8-dihydro - 7,8-dihydroxybenzo(a)pyrene 
by the cultured epithelial cells was significant, since this 
compound is further metabolized to an active alkylating agent,
7,8-dihydro - 7,8-dihydroxybenzo(a)pyrene - 9,10 oxide, which 
binds to DNA and may be the ultimate carcinogen of benzo(a)pyrene* 
Thus, tracheal epithelial cells, which are susceptible to 
hydrocarbon carcinogenesis are capable of metabolically activating 
benzo(a)pyrene to its suspected proximate carcinogen and probably 
to the ultimate carcinogen*
Thus the systems developed in these studies would appear to 
be suitable model systems for the study of respiratory carcinogenesis*
Such systems may also he used for the study of environmental and 
other toxic agents which act on cells of the upper respiratory 
tract* '
CONTENTS
Page No»
Acknowledgments I
Abbreviations jj
Summary III
CHAPTER I
I* Introduction 1
2* Relationship of Lung Cancer to Various Hazards
a) Environmenta 1 Hazards 2
b) Occupational Carcinogens 3
c) Cigarette Smoking 3
3* Identification of Carcinogenic Agents in
Cigarette Smoking 5
4, Smoking and Health 5
5. Brief Description of Epithelial Cells 6
a ) Epithelium 7
b) Types of Epithelium 7
6* Functional Anatomy-•
Functions of the Epithelium 10
CHAPTER II
Metabolism of Polycyclic Aromatic Hydrocarbons
1* Introduction 13
2* The Epoxide Theory 16
3° Mechanism of Epoxide Formation 16
4„ Metabolism of Epoxide 18
5* Enzyme Induction 24
6* Reaction of Polycyclic Hydrocarbon with 25
macromolecules
7c Activity of Polycyclic Aromatic Hydrocarbons and 28
Epoxides in mutagenesis Systems
8„ Polycyclic Hydrocarbon Cytotoxicity and
Relationship with Aryl Hydrocarbon Hydroxylase 30
9o In vivo Test for Polycyclic Aromatic Hydrocarbons 30
lOo Activity of Hydrocarbons and Epoxides on Cell
Transformation System 31
11. Mechanism of Chemical Carcinogenesis by Chemicals 32
12. The two-stage Mechanisms of Carcinogenesis 33
CHAPTER III
Materials and Methods
Materials 35
Methods 35
1. Short-term culture 35
A. Incubation 35
B. Extraction procedure 36
C. Scanning of the plate 36
D. Strip counting 37
\ ■ ■ . •
2. Metabolism of benzo(a)pyrene by freshly isolated cells 37
A. Cell Count 38
3. Cell Culture
A. Explant Culture 38
B. Experiment- ..with Cultured Epithelial Cells
Metabolism of benzo(a)pyrene 39
C 0 Extraction procedure for determination of metabolites
i) Medium ethyl acetate soluble metabolites 40
ii) Ethyl acetate soluble metabolites in the cells 40
iii) Nuclei Counting 41
Do Water soluble metabolites 41
E. Aryl Hydrocarbon Hydroxylase Assay 42
CHAPTER IV 
Results
lc Short-term Organ Culture 44
2. Isolation of Tracheal Epithelial Cells 50
Ac Preparation of the Tissue 53
B c Incubation 54
Co Characterisation of Epithelial Cells 55
Do Enzyme Activity in Cultured Epithelial Cells 6o
3. Metabolism of Benzo(a)pyrene hy Freshly Isolated
Epithelial Cells ‘ 64
4o Explant Culture 64
5* Morphological Characteristics of the Explanted 6$
Outgrowth Cells
6c Metabolism of Benzo(a)pyrene hy Cultured Cells 71
A* Time Course Studies 71
Be Culture of Freshly Isolated Tracheal Cells 71
Co Cell Dissociation 71
Do Primary Cell Culture 74
E, Estimation of Ethyl Acetate Soluble Metabolites
from Medium ' - 77
Fo Estimation of Ethyl Acetate Soluble Metabolites
from Cells 88
Go Water Soluble Metabolites 88
He Further Metabolism of Benzo(a)pyrene by Cultured 
Cells 89
CHAPTER V
Discussion 90
Concluding Remarks 101
REFERENCES 105
INTRODUCTION
Metabolism of Benzo(a)pyrene by tracheal epithelial cells
1. Introduction
There is a reason to believe that exposure to tobacco smoke 
and to known carcinogenic agents are significant links in the 
evolutionary chain of events leading to the development of 
bronchiogenic carcinoma. Many studies have shown that human lung 
cancer is due to carcinoma of epithelial origin.
The major aim of these studies was to determine whether 
isolated cells from the trachea and also cultured cells would be 
able to metabolize benzo(a)pyrene and thus be used as an experimental 
model system for respiratory carcinogenesis studies. The reason 
for using tracheal cells in these studies is that the trachea 
resembles, more than any other system of the respiratory tract of 
rodents, the bronchus in man. It contains mucous glands, ciliated 
cells and goblets cells and all these are typical of human bronchus. 
Systematic attempts to isolate epithelial cells from the trachea 
have been made, since viable isolated tracheal epithelial cells 
have neither been previously isolated nor tested for their ability 
to metabolize benzo(a)pyrene. Experimental systems, using tracheal 
epithelium culture, appeared to satisfy the conditions required, 
such as specificity and stability. The inducibility of benzo(a)- 
pyrene hydroxylase in these cultured cells is also described.
The principal derivatives formed in the metabolism of benzo(a)- 
pyrene by rat liver preparations have been reported by Grover, Hewer 
and Sims (1972); Sims (1967); Sims (1970). It is important to
determine the nature and amounts of metabolites formed by lung 
preparations. The metabolic formation of metabolites by lung 
preparations (Grover, _et aJL, 1974) and the identification of 
water soluble conjugates have been described (Grover, 1974).
Little attention has been paid to tissue and organ 
specificity of chemical carcinogens. For example, the reason why 
aromatic hydrocarbons are carcinogenic for respiratory and skin 
tissue, but not for liver tissue. Therefore, in this thesis, 
some quantitative studies on the formation of dihydrodiols and 
phenols from benzo(a)pyrene have been carried out in short-term 
organ cultures, cell suspensions and cell cultures of trachea.
2. Relationship of Lung Cancer to Various Hazards
A) Environmental Hazards
There is a correlation between pollution and lung cancer, 
as shown by a higher incidence of the disease in urban areas 
than in rural areas. Furthermore this correlation can still be 
made after people move away from polluted areas. Industrial 
products can also be found in the air, and they are related to
industrial processes and products.
Of interest for this study is the presence of potent
carcinogenic polycyclic aromatic hydrocarbons in the environment. 
The carcinogenic polycyclic aromatic hydrocarbons which are 
generated during the incomplete combustion of all types of 
carbonaceous fuel including gasoline and diesel oil as well as 
wood and coal, may represent a major source of respiratory 
carcinogens.
B) Occupational Carcinogens
Recently, occupational respiratory disease has received 
considerable interest. Evidence of lung cancer via inhalation 
in man is extensive and its evidence is related to occupational 
exposure and some pollutants. A variety of substances can act 
as occupational carcinogens. Their recognition is often difficult 
because of the simultaneous presence of a large number of 
contaminants.
Asbestos is present in the air and is a mixture of magnesium and 
iron fibrous form. Asbestos enters the body by inhalation and 
fine dust containing fibres which may be deposited in the alveoli. 
Asbestos produces pleural mesothelioma and pulmonary carcinoma 
(Selikoff et al 1968).
Arsenic. Pollution by arsenic may arise from agricultural uses 
and from industry. Chronic poisoning by arsenic is characterised 
by skin changes and lung cancer (Ott et al 1974)
Chromium compounds cause a constant irritation of the skin and 
mucous membrane which results in ulceration and the active 
destruction of the tissues (Langer et al, 1974).
Nickel. Nickel dust or nickel found in asbestos dust may produce 
bronchial cancer in man (Loken and Norske, 1950; Mastromatteo, 1967)®
In terms of lung cancer in the general population, carcinogenic 
stimuli in occupational respiratory environments appears to have 
little effect on the overall incidence of cancer in human beings 
(Weir and Dunn, 1976).
C) Cigarette Smoking
Cigarette smoking is undoubtedly one of the major environmental 
factors responsible for lung cancer. Tobacco smoke is an aerosol
containing carbonaceous particles, many kinds of organic substances 
and tars, and relatively high concentrations of certain gases, 
such as nitrogen oxides and carbon monoxide.
The chemical and physical composition of tobacco smoke varies 
according to the additives present.- Cigarette smoking is a personal 
pollution of the inhaled air, which then contains a high concentration 
of carbon monoxide and polycyclic aromatic hydrocarbons such as 
benzo(a)pyrene. It has a major role in chronic respiratory 
diseases and possibly in cardiovascular disease.
The cigarette smoker who inhales through his mouth, ingests 
up to 5 billion particles per cubic centimetre of smoke. The 
respiratory defence’ mechanism is hardly capable of adequate removal 
of such a dense aerosol especially since cigarette smoke contains 
high concentrations of ciliatoxic and mucous coagulating agents. 
Non-smokers may be exposed to significant air pollution from 
tobacco smoke in smoke-filled rooms. Carbon monoxide in rooms 
filled with tobacco smoke may exceed the limit for general 
population and for occupational exposure. The length of exposure 
in such concentrations may also be harmful to health. Cigarette 
smokers are exposed to higher carbon monoxide levels than non- 
smokers, for the gas is formed during combustion of tobacco. The 
demonstration that cigarette smoke is toxic to cilia in all test 
systems is convincing, but investigations of absorption of 
carcinogens by mucous secreting epithelial tissue, as well as 
studies of the possible effect of ciliatoxic components on goblet 
cells, bronchial glands or trachea have still to be done.
3« Identification of Carcinogenic Agents in Cigarette Smoke.
The presence of benzo(a)pyrene in tobacco smoke was first 
observed by Cooper e_fc jal (1954). The substances were detected by 
means of chromatography followed by absorption spectrometry. It 
was estimated that the tar collected from 100 cigarettes contained
0.2 to l.Opg of benzo(a)pyrene. The amounts of benzo(a)pyrene 
in cigarette smoke is small as compared with the amount of benzo(a)— 
pyrene in twon air. On the other hand the benzo(a)pyrene in 
cigarette smoke being dissolved in the form of a fine suspension 
may be more active than the atmospheric benzo(a)pyrene which is 
absorbed on carbon particles and therefore relatively inactive 
(Steiner, 1954).
Numerous attempts have been made to induce cancer with tobacco 
smoke in animals. However, tumours comparable to bronchial 
carcinomas as it appears in man have not been produced by tobacco 
products by any methods.
4. Smoking and Health
A majority of heavy cigarette smokers reveal a history of a 
persistent cough indicative of altered mucous flow in the 
respiratory tree. There is a progressive destruction of the 
cilia in the trachea and bronchus (Hilding, 1956). The 
respective roles played by the bronchial glands and the goblet 
cells (Hayek, 1962) in producing mucous under normal and adverse 
conditions are of great interest and require more study.
Tobacco smoke is unique in that in addition to tumour initiators 
and promotors, it also contains ciliatoxic agents in its vapour 
phase, as well as in its particulate matter.
Neither the induction time of the disease, nor the relative 
importance of smoking at different periods of life is known.
Changes in the histological structure of the trachea and bronchial 
mucosa have been thoroughly investigated in smokers arid non-smokers, 
both affected and unaffected by lung cancer (Auerback _et nL 1957)® 
The results of these studies clearly indicate basal cell hyper­
plasia, often showing nuclear epithelial stratification with 
cellular irregularities. Squamous metaplasia and occult carcinoma 
are both lesions which are more frequent and developed in heavy 
smokers than non-smokers. It is felt that squamous metaplasia 
is not specifically a precancerous change, since it occurs in many 
chronic diseases, which do not show an increased tendency' to 
develop lung cancer. Squamous metaplasia however occurs in 
80 per cent of cases of squamous carcinomas of the bronchus and 
neoplasma arise in foci of squamous metaplasia (Watson and 
Berger, 1962).
5. Brief Description of the Trachea and Epithelial Cells.
human
The trachea is a fibrocartilagenous tube, about 10 — 12 cm 
long, extending from the larynx ;to its bifurcation into the 
bronchi, (fig. l)* Cartilage forms the skeleton of the trachea 
and gives it some rigidity. This rigid support prevents the 
tracheal walls collapsing inward and obstructing the passage way 
of air. Cartilage rings also provide a considerable flexibility 
and extendibility to the trachea.
A layer of smooth tracheal muscle and connective tissue lies 
in the open parts of the C shaped rings. The rings are covered
with fibrous connective tissue. The membranous membrane regions 
of the tube facing the oesophagus, yield to its expansion. The 
trachea is lined with pseudo stratified columnar cells most of 
which have cilia.
A) Epithelium
Epithelial membranes consist entirely of cells characterized 
by close apposition to its components and arranged either in 
single or multiple layers. The epithelium is classified and named 
according to the numbers of cell layers and the shape of the cells 
(fig. 2). If there is only one layer of cells, the epithelium 
is described as simple, if it has two or more layers it is called 
stratified.
According to the shape of the cells, the epithelium is further 
classified as squamous, cuboidal or columnar (Sinclair, 1975)®
B) Types of Epithelium
squamous 
columnar 
cuboidal
squamous 
columnar 
cuboidal
Pseudostratified columnar ciliated
Transitional shape of cells varies
The pseudostratified epithelium is found in the trachea. In this 
type of epithelium, the nuclei lie at different levels. Some of 
the cells in contact with the basement membrane do not reach the 
surface, and some do. Because of these two rows of nuclei the 
membrane has a stratified appearance.
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The pseudostratified epithelium is comprised of four types 
of cells: columnar, ciliated, goblets and basal cells.
1) Columnar Pseudostratified cells as described above.
2) Ciliated Cells. A cilium appears as a long slender process 
of cytoplasm enclosed by a membrane. Cilia are numerous on the 
surface of epithelium lining the respiratory tract and consequently 
the trachea. They are arranged in parallel rows and there may be a 
hundred in a single cell. They beat in a rhythmical manner 
resulting in the formation of waves that slowly sweep the mucous 
forward over the surface of the epithelium, thus preventing foreign 
materials from blocking the lower respiratory regions.
3) Goblet Cells are single gland cells. They become modified 
from typical columnar epithelial cells by the accumulation of 
membrane bounded mucin droplets and by the gradual disappearance 
of microvilli. They secrete mucin, a glycoprotein which forms 
the lubricating substance mucous upon hydration.
4) Basal cells are small, flat with round and dark nuclei. They 
lie between the base of the columnar cells and the basement membrane, 
and are undifferentiated cells.
Basement membrane. Between the epithelium and the underlying 
connective tissue is an extracellular supporting layer that is 
called basement membrane. It usually presents a homogenous 
appearance. It is also called basal lamina and is a product of 
the epithelial cells.
The tall columnar epithelial cells are secured to each other 
by special attachment junctions distributed at intervals. The
specializations of the plasma membranes of epithelial cells 
provide several types of functicsial structures. The most close 
cell union is appropriately called tight junction or zonula 
occludens (Ham, 1974). An intermediate junctional specialization 
of the plasma membrane of columnar epithelial cells may be seen 
just below the tight junction. It is called zonula adherens and 
is characterised by condensation of filamentous elements of the 
terminal net. A third type of junction is known as desmosome 
(macula adherers). There is also an internal structural support 
provided by fine filaments, within the cytoplasm. Because this 
filament is in the form of mesh work it is known as cells web.
6. Functional Anatomy 
Functions of the Epithelium.
The main functions of the epithelium in the respiratory 
tract are secretion and absorption.
Respiratory infections are due to a number of injuries on the 
defences of the respiratory tract, and have an effect on cell 
proliferation and cell differentiation. The respiratory system 
has a number of very efficient protective devices: a protective
layer of mucous, ciliary clearance and alveolar clearance by 
phagocytosis. Acute and chronic infections disturb mucous 
production, the integrity of superficial cell layers, ciliary 
action and the normal regeneration of epithelial cells.
Respiratory infections could, by disruption of the mucous blanket 
and the superficial cell layers result in easier penetration of 
the carcinogen to susceptible basal cell layers. The disfunction 
of the ciliary movement and consequent interruption of the deep 
lung clearance lead to the accumulation of carcinogenic particles
in various parts of the respiratory tract. Cell necrosis then 
occurs and vigorous regeneration often with disturbed cellular 
differentiation.
The mucosa which chiefly come into contact with inhaled 
impurities are those of the nostrils, trachea and large bronchi. 
The primary reaction of the mucosa is of some importance. The 
lining epithelium of the respiratory tract with the exception of 
the pulmonary alveoli and terminal bronchioles is provided with 
cilia and goblet cells. Particulate matter is usually eliminated 
by the cells lining the wall of the respiratory system; beating 
in waves these cilia dust particles and other foreign material 
into the mouth where it can either be expelled or swallowed.
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Metabolism of Polycyclic Aromatic Hydrocarbons
1. Introduction
The first indication of cancer linked to an environmental 
substance was noted in 1775 by Percivall Pott, who described 
scrotal cancer in chimney sweeps and traced it to chronic 
contamination of the skin by soot*
As a result of this and many subsequent studies, many pure 
compounds and mixtures are today generally recognised as carcino­
genic for human beings, and some have been demonstrated to be 
carcinogenic for experimental animals. Chemical carcinogens are 
organic and inorganic compounds of structurally diverse groups of 
synthetic and naturally occurring substances, which under appropriate 
conditions cause malignant tumours. These group of substances 
include aromatic amines, aliphatic nitrosamines, halogenated 
hydrocarbons and polycyclic aromatic hydrocarbons. Benzo(a)pyrene, 
a representative of the polycyclic aromatic hydrocarbon, is a 
powerful skin carcinogen and has been detected and analysed in 
samples of polluted air and cigarettes.
12
Benzo(a)pyrene
The pyrolysis of organic substances (including coal tar to form 
soot) leads to the formation of polycyclic hydrocarbons, one of which
was identified as benzo(a)pyrene. It was extracted from coal 
tar for the first time in 1933 by Cook, Hewett & Hieger. Early 
studies indicated that the necessary requirements for the 
carcinogenicity of polycyclic aromatic hydrocarbons were:
i) they must be coplanar
ii) a phenanthrene nucleus must be present with at 
least one additional benzene ring
iii) the convex edge of the phenanthrene moiety must be 
free of s u b s t itu ten ts .
Fig. 4 shows the metabolites of benzo(a)pyrene which have been 
identified.
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• 4© Pathways involved in the metabolism of benzo(a)pyrene«
2© The Epoxide Theory
Boyland (1950) suggested that the metabolism of polycyclic 
hydrocarbons might proceed via the addition of oxygen atoms across 
reactive double bonds, of the ring systems to yield reactive epoxide 
intermediatesc
The epoxide intermediates could be involved in the formation 
of most of the Phase I metabolites of polycyclic hydrocarbons 
since they may:
a) rearrange spontaneously to give phenols that could
be either excreted in the free state, comjugated with 
glucuronic acid or sulphate or undergo further 
hydroxylation.
b) be hydrated with water to give dihydrodiols that could
be either excreted in the free-state or be excreted as
glucuronide or sulphate conjugates or be dehydrogenated
to catechols or further metabolized, 
c) react with glutathione to form glutathione conjugates 
that could be either excreted, or metabolized further
to give mereapturic acids. The various types of
metabolites of hydrocarbons arise: from the oxidation
of the parent hydrocarbon (Young 1947; Boyland and 
Wolf, 1950)©
3© Mechanism of Epoxide Formation
It is probable that the initial oxidation to an epoxide
intermediate occurs on the endoplasmic reticulum of the liver
cells, via the mixed function oxidase or oxygenases, (fig. 5)
EPOXIDE THEORY
Benzo(a)pyrene
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Figc 5® Pathways involved in the metabolism of benzo(a)pyrene formed 
from the epoxide.
Metabolism to an epoxide has an absolute requirement for 
NADPH (Booth et al 1960a) and molecular oxygen; NADH, which can 
replace NADPH is much less effective as a cofactor for the 
microsomal enzymes (Mitoina et a 1 1936)®
Indirect evidence for the formation of epoxide as intermediate 
metabolite, has been obtained from:
a) the N.I.H. Shift, discovered in 1966 (Guroff et al 1967), 
which revealed that some substrates adjacent to an 
aromatic epoxide could migrate to the ortho-position 
during subsequent isomerisation of the arene-oxide.
b) formation of hydrocarbon metabolites that are the same 
as those obtained from epoxide incubated in the same 
system. '.'■■■
c) the effect of inhibitors, the inclusion of an epoxide 
hydrase inhibitor, e.g. cyclohexene oxide, to incubation 
mixtures containing microsomal fractions, cofactors • 
and the substrate (e.g. 7-Hydroxymethyl benz(a)- 
anthracene) causes a decrease in the amount of 
dihydrodiol derivatives and increase in the water
soluble metabolites (glutathione conjugates formed.
■f. '
(Booth _et al_ 1973)«> This is indicative of the 
formation of an epoxide as an intermediate, from the 
parent hydrocarbon.
4. Metabolism of Epoxides
a) Formation of dihydrodiols - Hydrocarbon epoxides are converted 
into dihydrodiols by enzymes present on the endoplasmic reticulum
of cells (Pandov and Sims 1970; Oesch et al 1971a)® These 
enzymes do not require the presence of any cofactors or metal 
ions (Oesch 1973)* The enzyme epoxide hydrase (also called 
epoxide hydratase, areneoxide hydratase) has been found in 
mouse, rat, guinea pig and human livers. In liver and kidney 
it shows a high activity, while in the intestine and lung the 
activity is low. Hydrase activity has been found in cultured 
cells such as human lymphocytes (Kellerman et al 1973) and 
microsomal fractions of house flies (Brooks et al 1970).
Enzyme inhibitors such as SKE 525A ((3-diethyl amino ethyl 
2 , 2 diphenylpentanoate) and a-naphthoflavone had no effect on 
epoxide hydrase activity (Oesch et al 1971c, 1973c).
b) Formation of Glutathione Conjugates
Glutathione was considered as a possible source of the 
cysteine residue in the mercapturic acid because decrease in 
liver glutathione levels paralleled increases in the amounts 
of mercapturic acid excreted in animals dosed with bromobenzene 
(Yamamoto, 1940). Naphthalene was converted by rat liver slices 
into S(l, 2 dihydro-2 hydroxy-1 naphthyl gluthathione (Boo^th 
et al 1960b). Phenanthrene was converted into the glutathione 
derivative with rat liver homogenates, but not with boiled 
homogenates (Boyland and Sims 1965b). The enzyme, that catalysed 
the addition of glutathione to an alkene epoxide, was named 
glutathione-S-epoxide transferase (Boyland and Williams 1965) 
and was believed to be involved in the conjugation of arene- 
oxides.
At least two transferases enzymes have been found, (in sheep, Hayakawa 
et al 1974) and therefore a more appropriate name for the enzyme(s) 
involved with aromatic epoxide is "glutathione S-arene-oxide 
transferase". Human lymphocytes grown in culture have also been 
s h o w  to contain "glutathione-S-oxide transferase (Booth et al,
1974b), but the enzyme was not present in mouse and hamster 
embryo cells in culture, (Diamond et al 1968; Sims 1970a).
c) Formation of Phenols
Phenols are readily formed by rearrangement of epoxides.
They can also be.formed when epoxides are incubated with previously 
boiled and cooled homogenates suggesting that the reaction is non- 
enzymic. Similar results were obtained with epoxides of benz(a) 
anthranene and dibenz(ah)anthracene (Boyland and Sims 1965c).
The epoxides also rearranged to phenols in mild acid conditions. 
Therefore most of the metabolic phenols of polycyclic hydro­
carbons are probably formed by rearrangement of the intermediate 
arene oxides.
d) Further Metabolism of Hydrocarbon Metabolites 
i) Formation of catechols.
Dihydrodiols, once formed, can be dehydrogenated to catechols.
The dehydrogenation may be carried out by enzymes similar to the 
liver dehydrogenases.
ii) Formation of diol-epoxide and tetrahydrotetrols 
Dihydrodiol derivatives of polycyclic hydrocarbons are converted 
into intermediates (fig. 6) that can alkylate DNA and protein
(Bargen et al 1975? Swaisland et al 1974; Sims et al 1974) and

that can react enzymica1ly with glutathione to form water soluble 
metabolites (Booth et al 1973)® This suggested that dihydrodiols 
maybe converted into intermediate diol-epoxides, One such diol—
Evidence that diol-epoxides can he hydrated has been obtained by 
the detection of 7,8,9,10-tetrahydro, 7,8,9,10-tetrahydroxy
Since the epoxides are the only hydrocarbon metabolites known 
to be substrates for glutathione-s-epoxide transferase present 
in the soluble fraction, the synthesis of these conjugates takes 
place through an oxidation of the dihydrodiol to a diol—epoxide 
by the microsomal fraction and NADPH followed by conjugation of 
the diol-epoxide with G,S.H0, by the enzyme in the soluble 
fraction (Booth & Sims, 1976)*
iii) Benzo-ring-epoxide
Of the very large number of metabolites that can occur from 
the oxidative metabolism of benzo(a)pyrene, recent attention has 
focused on the benzo-ring diol-epoxide (7,8 diol— 9,10 epoxide
diol epoxide (2), in that the 7 hydroxyl group is on the same 
face of the molecule as the epoxide ring (fig, 6 and 7)«
epoxide has been detected as a metabolite of benz(a)anthracene.
benzo(a)pyrene as a metabolite of benzo(a)pyrene.
(Wood et al 1976)*
The diol-epoxide (l) is distinguished from its isomer
o
H O "
OH
Fig, 7* Diol-epoxide 1
OH
Diol-epoxide 2
This configuration gives to the compound the ability of being
150 times more reactive toward the thio1-nucleophile, when .
compared to the stereoisomer diol-epoxide 2, and 500 times more
reactive than the 9,10 epoxide which lacks hydroxyl group altogether
(Wood et al, 1976), It was reported that the diol-epoxide 1 is
one of the most potent mutagens ever tested in S.typhimurium and
in cultured V79 Chinese hamster cells* However diol-epoxide 2
has also high mutagenity and cytotoxicity. Consideration of
the 3“fold longer half-life of diol-epoxide 2 in top agar,
increases the ^ relative difference in mutagenic activity to5 to 11 f01d-
Recent studies have suggested that bay region diol 
epoxides may be the ultimate carcinogenic metabolites 
derived from polycyclic aromatic hydrocarbons.(Wood et-al 1977 
a and b , Thakker et al 1977 > Jerina and Daly 1977) . •
The most reactive metabolite involved in binding to DNA 
■was the diol-epoxide (Sims et al 1974) (BP 7,8 diol, 9,10 epoxide),
iv) Formation of Sulphates Conjugates
Sulphates conjugates of monohydroxy and from dihydrodihydroxy 
metabolites of benzo(a)pyrene have been identified. Recently 
Cohen et al (1976) have identified a sulphate conjugate of 
3-hydroxybenzo(a)pyrene formed by human, hamster and rat lung 
preparations,
v) Formation of Quinones
Benzo(a)pyrene 3,6 quinone was detected in the faeces of rats 
and rabbits treated with benzo(a)pyrene (Berenblun and Schoental 
1943)* These quinones were also found as ethyl acetate soluble 
products after incubation of benzo(a)pyrene with rat liver 
homogenates. However, Conney, Miller and Miller (1957a) 
identified 1,6 and 3,6 dihydroxybenzo(a)pyrene as metabolites of 
benzo(a)pyrene in whole animals. When 6-hydroxybenzo(a)pyrene
was incubated with rat liver homogenates, the 3,6 and 1,6 
quinone of benzo(a)pyrene were the only products formed, and 
3-hydroxy the major metabolite of'benzo(a) pyrene, was 
spontaneously oxidised in air to 3,6 quinone (Sims 1967)*
Thus, the quinones most probably arise from further chemical 
oxidation of mono and dihydroxy compounds and may not, therefore, 
be true metabolites*
5, Enzyme Induction
Enzyme inducers are compounds the administration of which 
causes an increase in the amount of enzymes relative to that in 
the untreated organism* Many polycyclic hydrocarbons, such as 
3-methylcholanthrene are enzyme inducers, which when administered 
to rats increase the metabolism of benzo(a)pyrene in various 
tissues including liver (Conney 1967), .These enzymes may also 
be induced in cell culture systems, such as hamster embryo cells 
(Nebert and Gelboin, 1968a), rat foetal hepatocytes (Geilen and 
Nebert 1971), and human lymphocytes (Whitlock et al 1972)® They 
can also be increased in a number of animal species and a wide 
variety of tissues. Mono—oxygenases levels were not increased 
in the adrenals of rats treated with 3-methylcholanthrene 
(Wattenberg and Levy, 1962)* Besides polycyclic hydrocarbons, 
a wide variety of compounds such as phenobarbitone and amino— 
pyrine (Conney et al i960) chlordane (Mullen et al 1966) and 
flavones (Wattenberg et al 1968) also induce microsomal mono­
oxygenases.
The appropriate administration of certain of these enzyme 
inducers has profoundly altered the ability of specific chemical
carcinogens to produce tumours (Wattenberg, 1966; Gelboin, 1967). 
On the other hand, alteration of the levels of the oxygenases in 
the endoplasmic reticulum can also influence the induction of 
tumours by polycyclic aromatic hydrocarbons (Hartwell 1951 j 
Miller, Miller, Brown and MacDonald, 1958)*
There is strong evidence that induced increases of enzyme 
activity represent the synthesis of new enzyme protein by a 
process involving DNA dependent messenger ENA* Phenobarbitone 
increases the content of microsomal protein per gram of liver, 
whereas polycyclic hydrocarbons increase the total liver protein, 
but have no effect on the microsomal protein level (Arcos,
Conney and Buu-Hoi I96I).
The effect of smoking in humans significantly increases the 
levels of benzo(a)pyrene 3 mono oxygenase in pulmonary alveolar 
macrophages (Cantrell et al 1973) and the placenta (Nebert et al
1969)®
6* Reaction of Polycyclic Hydrocarbon with Macromolecules.
Most chemical carcinogens apparently require metabolic 
transformation to become ultimate carcinogenic forms, i.e* the 
compounds which will react directly with the critical cellular 
target to induce neoplasia*
The first evidence for the metabolic activation of a 
carcinogen to reactive forms was made by Miller and Miller (1947), 
who observed the presence of protein bound amino azo dyes in the 
liver of rats fed with the hepatocarcinogen N-N dimethyl-4 
aminoazo benzene* They also observed a correlation between the
amounts of these protein-bound forms and the probability of 
tumour development. Protein, RNA and DNA bound derivatives 
have been found in target tissues of animals administered a 
variety of carcinogenic aromatic amines. The nature of the 
protein and nucleic acid bound derivatives has received intense 
study for many years (Brookes and Lawley, 1946b; Heidelberger 
1964; Brookes and Heidelberger, 1969* Tasseron et al 1970.).
The structures of the hydrocarbon derivatives involved in 
the formation of these macromolecules-bound derivatives and in 
carcinogenicity are only now being elucidated* The oxidases 
present in the endoplasmic reticulum convert a number of poly- 
cyclic hydrocarbons to derivatives which can react with nucleic 
acids and proteins. The idea that epoxides might be metabocic 
intermediates in the oxidation of polycyclic hydrocarbons was 
suggested by Boyland (1950), but the evidence was demonstrated 
with detailed studies by Jerina (1970)* Epoxides and diol-epoxides 
now appear to be the prime candidates for the role of ultimate 
carcinogenic forms ofthe polycyclic aromatic hydrocarbons*
Polycyclic hydrocarbons are known to interact with macro- 
molecules through either physical interaction (Boyland and Green 
1962a? Ts’O and Lu 1964) or covalent linkage (Brookes and Lawley 
1964) Miller 1951? Heidelberger and Moldenhauer, 1956)* The 
formation of these covalents linkages in vitro seemed to require 
the conversion of the relatively inert polycyclic hydrocarbon by 
liver microsomes, to more reactive products (Grover and Sims 1968; 
Gelboin 1969)®
Metabolites of aromatic hydrocarbons showed no carcinogenic
or initiating activity (Heidelberger et al 1962) and therefore 
some metabolites with alkylating ability and of high chemical - 
reactivity and poor stability such as epoxides are most likely 
to be intermediates in the binding of aromatic hydrocarbons to 
cellular constituents.
This was confirmed by studies in which DNA and ENA and protein 
were isolated from hamster kidney cells that had been treated with 
the hydrocarbon benz(a)anthracene and its derivatives. The "K 
region" epoxide bound to a greater extent than either the parent 
hydrocarbon or the "K region" dihydrodiol and phenols (Grover et 
al 197l)o The extent of reaction with protein was higher than 
the corresponding levels of reaction found with DNA or with RNA.
Benzo(a)pyrene and its 4,5-, 7,8-, 9,10 dihydrodiol derivatives 
were incubated with hamster liver microsomal systems and the 
levels of hydrocarbon that became bound to DNA measured. Benzo(a)— 
pyrene- 7,8 dihydrodiol bound much more extensively to DNA than 
either benzo(a)pyrene or its other dihydrodiols or phenol 
derivatives (Borgen et al 1973). These results show that an 
alkene epoxide at the 9,10-position of benzo(a)pyrene is a strong 
alkylating agent and may react with cellular macromolecules 
in vivo *
Polycyclic hydrocarbons can react with macromolecules through 
non-covalent binding the intercalation theory. Intercalation of 
polycyclic aromatic hydrocarbons with DNA causes stabilisation 
of the DNA molecule (higher melting point) and this effect was 
apparently greater with carcinogenic than non-carcinogenic 
hydrocarbons (Boyland and Green 1962b)* Intercalation was stated 
to be most likely to occur in vivo during replication, since DNA
is loosely coiled (Ts'O and Lu 1964), a suggestion that agrees 
with the observation of Chen and Heidelberger (1969a) that 
transformations produced by polycyclic hydrocarbons are 
associated with cell division. Intercalation is difficult to 
prove or disprove, because the solvents used to isolate DNA will 
wash out loorsely bound hydrocarbon molecules. The mutation 
process probably involves the intercalation of the hydrocarbon 
epoxide between the base pairs of the DNA, followed by covalent 
reaction of the epoxide groups with adjacent nucleophile centres 
(Ames et al 1972), probably with those of a purine (Grover and 
Sims 1973)®
Frameshift mutations are more damaging than simple base pair 
substitutions. The intercalation incurred by increasing the 
distance between neighbouring base pairs and a gap in the 
order of the DNA structure appears. This could lead to deletion 
or addition of a randomly selected base (Brenner et al 1961) 
causing a shift in the reading frame since messenger ENA "reads1' 
the DNA base sequence in triplets.
7« Activity of Polycyclic Aromatic Hydrocarbons and Epoxides 
in Mutagenesis Systems
One aspect of evaluation of biological activity of benzo(a)— 
pyrene derivatives has been to determine their mutagenic activities 
with S .typhimurium and with cultured hamster V79 cells. Among the 
30 compounds tested B(a)p 4,5-oxide was the most potent mutagen 
(Wood et al 1975)® Later studies (Wislocki et al, 1976a) indicated 
that the diol-epoxide has been s h o w  to be many fold more mutagenic
than B(a)p 4,5-oxide. The diol-epoxide is one of the most mutageni 
compounds ever tested in So typhimurium, or in V79 hamster Chinese 
cells* Since B(a)P 7,8 diol- 9,10 epoxide is very unstable (half 
life-<£30 seconds), its intrinsic mutagenic and cytotoxic activity 
is probably even greater than that described in the literature*
The mutagenic activities of arene oxides, isomeric phenols, 
quinones and dihydrodiols have been tested* (Wislocki et al 1976b) 
Only benzo(a)pyrene 4,5-oxide was highly mutagenic in the three 
strains tested. The findings of Wislocki et al (1976b)indicated 
the lack of a relationship between cytotoxicity and mutagenicity. 
Benzo(a)pyrene 4,5-oxide was both cytotoxic and strongly mutagenic* 
Significant differences between the bacterial and mammalian test 
systems in their responses to the benzo(a)pyrene derivatives have 
been observed* These differences in response between bacterial 
and mammalian mutagenesis systems stress the importance of using 
more than 1 test system to determine the biological activity of 
compounds*
K-region epoxides and non-K-region diol epoxides were assayed 
for their direct mutagenic action in S* typhimurium strain TA 100* 
It was demonstrated that non-K-region diol epoxides are mutagenic 
for the strain tested, the activity being of the same order as 
that of the corresponding K—region epoxides* However the possible 
differences in the stability of these compounds in the aqueous 
incubation mixture may have influenced the mutagenic effects 
(Mallavielle et al 1975)* It is probable that non-K-region diols 
are converted by metabolism to diol-epoxides*
The administration of benzo(a)pyrene 7,8-dihydrodiol to 
newborn mice caused more malignant lymphomas and pulmonary
adenomas than did the administration of benzo(a)pyrene (Kapitulnik 
et al 1977)o They also found that the diol-epoxide 2 has the same 
carcinogenicity as benzo(a)pyrene at a 50 fold lower dose in 
newborn mice* This extremely high carcinogenicity of diol epoxide 2 
suggests it may be the ultimate carcinogenic metabolite of benzo(a) 
pyrenee
8“ Polycyclic Hydrocarbon Cytotoxicity and Relationship with
Aryl Hydrocarbon Hydroxylase (AHH)
Cells lines, which are highly resistant to the toxic effect 
of benzo(a)pyrene, as measured by their cloning efficiency, contain 
little or no enzyme activity (Nebert and Gelboin, 1968b)* The 
toxicity of benzo(a)pyrene is lowest in clones with very low 
levels of aryl hydrocarbon hydroxylase activity and highest in 
those with high enzyme activity (Gelboin et al 1969)0 These 
observations suggested that the cytotoxic effects of polycyclic 
hydrocarbons depends on their enzymatic conversion to toxic 
metabolites and that the presence and levels of AHH are the major 
determining factors for the susceptibility of cells to polycyclic 
hydrocarbon cytotoxicity*
9* In vivo Test for Polycyclic Aromatic Hydrocarbons
The strength of a carcinogen is difficult to define* However 
many authors have referred to a strong carcinogen as those having 
an activity equal to that of benzo(a)pyrene, whilst a weak 
carcinogen will have activity comparable with 1,2,3,4, tetra 
methyl phenanthrene* The carcinogenic activity of polycyclic 
hydrocarbons is usually determined in mice by repeated skin painting 
or subcutaneous infection*
Newborn animals show a greater susceptibility to tumour 
formation by hydrocarbons than do adult animals* Tumours are 
generally formed locally, but lung tumours (Andervont and Shemkin 
1940) hepatomas (White and Eschenbrenner 1945) and leukemias 
(Huggins and Sugyama 1966) are also formed* Huggins, Grand and 
Brilhantes (1961) produced both mammary tumours and tumours of the 
external acoustic duct in young female rats by a single oral dose 
of 7,12 dimethy lb enz(a)anthr acene *
10. Activity of Hydrocarbons and Epoxides in Cell Transformation
Systems
Carcinogenic hydrocarbons produced morphological changes 
suggestive of neoplasia in organ cultures of mouse prostate cells 
(Lasnitzki 1963)* Although control cultures maintained their 
differentiation, injection of the morphologically changed cultures 
into irradiated animals, did not produce tumours (Potter and 
Heidelberger, 1949). However, when these organ cultures were 
dispersed with pronase and grown in cell culture, permanent cell 
lines were established that were resistant to hydrocarbon toxicity 
and gave malignant transplantable tumours on injection into C3H 
mice (Heidelberger and Iype, 1967)®
Unfortunately, cells lines could not be established with the 
control cells and so spontaneous malignant transformation of the 
treated cells could not be ruled out* Lines of cells from control 
cultures were eventually produced and they did not give tumours on 
injection into C3H mice (Chen and Heidelberger, 1969a)* These 
cells reached a saturation density once a monolayer was formed. 
However, the cells treated with hydrocarbons did not reach a
a saturation density, but piled up to five colonies with a character­
istic random criss-cross orientation. The piled up colonies gave 
100^ incidence of tumours on injection of 1,000 cells into C3H 
mice (Chen and Heidelberger, 1969b) but the monolayer areas of 
cell cultures treated with hydrocarbons did not produce tumours 
(Chen and Heidelberger 1969c). Other cell transformation systems 
were developed by Berwald and Sachs (1965) and by Di Paolo and 
Donovan (1967)*
Non-carcinogenic hydrocarbons did not give rise to piled 
up colonies, but carcinogenic hydrocarbons gave piled up colonies, 
the number of colonies being proportional to their carcinogenic 
activity (Chen and Heidelberger 1969c). Cancer cells are more 
sensitive to heat than normal /cells (Cavaliere et al 1967)*
Similar transformed cells are more heat sensitive than control 
cells. Transformation is a direct effect of the polycyclic 
hydrocarbon. There is no evidence to suggest that the hydrocarbon 
pre-selects malignant cells or that the hydrocarbon activates a 
latent oncogenic virus (Mondal and Heidelberger 1970; Heidelberger 
and Iype 1967)0
11 .Mechanism of chemical carcinogenesis by chemicals
The carcinogenic effect of chemical carcinogens upon cells 
and tissues are long lasting. Por this reason, the cells once 
exposed are more susceptible to repeated exposures. Under the 
influence of carcinogens there occurs a gradual development of 
demonstrable and visible alterations which represent the 
cancerous growth. The length of time required for visualizing the 
end product of interaction between the carcinogen and the host 
organism depends on the intensity of exposure as well as on the
relative degree of constitutional or acquired sensitivity and 
susceptibility of the person.
Chemicals when applied in adequate amounts, are capable of 
interacting with constituents of the cells and may produce toxic 
effects. Chemicals which are carcinogens may also produce toxic 
effects, but the minimal effective dose of a chemical carcinogen 
to produce cancer may not necessarily produce such toxic effects. 
In fact in certain respects there is an apparent antagonism 
between toxic and carcinogenic properties of chemicals. Highly 
toxic chemicals are more likely to kill the cells while chemical 
carcinogens injure them turning them into cancerous cells.
12.The two-stage mechanisms of carcinogenesis
This theory states that carcinogenesis may be divided into: 
initiation and promotion.
a) Initiation
The action of an initiator is considered highly specific, 
very quick, if not instantaneous, and produces irreversible 
cellular changes which persist for years. An initiator converts 
normal cells into cancer cells. It is a pre-neoplastic state.
b) Promotion
Promotion is a reversible process, which has a longer duration 
than initiation and involves conversion of the pre-neoplastic cells 
to true malignant cells. That is to say a tumour is caused to 
develop in tissue through a proliferating stimulus. It must be 
realized that any chemical which by itself induces cancer possesses 
both initiating and promoting powers. ^
Careful histopathology studies of the early stages of 
carcinogenesis have revealed that promoting action is often 
associated with cell damage in the area where the malignancy will 
ultimately arise* Stimulation of cell growth seems to be an 
important component of the action of hormones in promoting 
carcinogenesis in target organs* Subcutaneous injections of 
hydrocarbon carcinogens with] mixed initiating and promoting 
actions results in considerable local cell death, followed 
eventually by the appearance of malignant cells among survivors 
at the periphery of the affected area* A possible mechanism of 
action of promoters is inhibition of DNA repair system, a good 
explanation in view of the increasing evidence implicating 
somatic cell mutagenesis in the carcinogenic process (Gaudin 
et al 1971)*
MATERIALS AND METHODS
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Materials
Anima 1s: Male Wister albino rats, (300 - 400g) bred at the 
University of Surrey, were maintained on wood shavings* Male 
Syrian golden hamsters from Basingstoke, England were used in 
all experiments*
Chemicals: Benzo(a)pyrene was obtained from Koch Light Laboratories
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Limited, Colne, Buckinghamshire. [ H]Benzo(a)pyrene (specific
activity 25, Ci/m mole) was obtained from the Radiochemical Centre,
3Amersham, Buckinghamshire* [ H]Benzo(a)pyrene was always purified 
before use by the method of De Pierre et al (1975)* Leibovitz 
Ir-15 medium and foetal calf serum were obtained from Biocult 
Laboratories Limited, Paisley, Scotland* The chromatoplates 
coated with silica gel 6o, 0.25mm thickness were obtained from 
Merck Darmstadt, Germany* The chemicals used throughout the 
experiments were analar grade*
Methods
1* Short term culture
The animals were killed by cervical dislocation, the thorax 
was dissected to expose the lungs and the trachea* The lungs and 
trachea were removed and washed with phosphate buffered saline 
(PBSA) (Dulbecco’s and Vogt 1954).
A* Incubation: Samples of lung or trachea were accurately weighed
(50, 100 or 200 mg) and placed in separate flasks containing 2mM
L-glutamine, 10^ foetal calf serum, penicillin lOOU/ml, 
streptomycin 100 yg/ml and [ ll]benzo(a)pyrene (2jjM).- The flasks 
were placed in a water bath at 37°C and incubated for 15 - 18 hours. 
All samples were made in duplicate.
B. Extraction procedure
After incubation, the culture medium was transferred to an 
extraction funnel and extracted twice with 10ml of ethyl acetate*
The extracts were dried over anhydrous sodium sulphate, removed 
and evaporated to dryness in a rotary evaporator and the residue 
dissolved in 50 (il of ethyl acetate and applied together with 
unlabelled references compounds, to the base of silica gel plates, 
that were then developed with solvent system benzene: ethanol
(9:1 v/v). The metabolic products were located by examination of 
the chromatograms while still wet, by u*v* light.
C* Scanning of the plate
Since the t.l.c* technique was used extensively, for 
separation of the metabolites, a simple technique for scanning 
thin layer plates to detect and quantitate radioactivity was 
developed, using the Berthold Camlab Radio chromatogram scanner, 
linked to a pen recorder and integrator* The integrator prints 
out the count. The speed with which the plate was passed under 
the counter could also be regulated. The more slowly the plate is 
scanned, the narrower the width of the slit and the closer the 
mouth of the geiger counter to the surface of the-t.l.c. plate, 
the better is the resolution obtained. The distribution of 
radioactivity along the plates was then illustrated as a histogram, 
and the activity attributable to a particular metabolite depending 
on its corresponding Rf* was noted.
Do Strip counting
The fluorescent hands, corresponding to the different 
metabolites, were marked off and cut off the plate, into sections 
of 0.5cm, transferred to vials and the radioactivity present was 
determined by liquid scintillation counting using an L.K.B.
Wallac (type 1210) spectrometer* The scintillation mixture used 
was toluene based scintillant, containing 5g of 2,5 diphenyloxazale, 
(PPO) and 0*5g of 1,4 bis [2,(4-methyl-5 phenyl oxazolyl)] 
benzene (POPOP) per litre.
The activity attributable to the sample and to a particular 
metabolite was summed and expressed as a percentage of the total 
radioactivity* Corrections for the background activity were made* 
From each sample an histogram was obtained. All the samples were 
corrected with an external normalisation standard to 100/6 counting 
efficiency.
2. Metabolism of benzo(a)pyrene by freshly- isolated cells
After the cells were counted and diluted as required, 0.5nil 
of this cell suspension was transferred to a 10ml flask, 0*5ml
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of the [ H] benzo(a)pyrene (final concentration 2pM) added and 
the mixture incubated in a shaking water bath for 6 hours* After 
the incubation, the mixture was immediately transferred to an 
extraction flask and extracted twice with 5ml of ethyl acetate*
To the aqueous layer containing the cells, 1ml of (0*1^) D*S.S* 
(Sodium Lauryl Sulphate) was added to the flask and the mixture 
centrifuged for 5 minutes. The supernatant was transferred to 
an extraction flask and another 1 ml of D*S*S* (0*1^) was added
to the cells and centrifuged again for 5 minutes* This procedure
solubilized the cells. The centrifuge tubes were washed twice
with 1 ml of water to completely lyse any remaining cells* The
supernatants were pooled and extracted twice with 10 ml of ethyl
acetate. The two lots of ethyl acetate were dried separately
over Na SO., evaporated to dryness and the residue resuspended 
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in 50 pi of ethyl acetate and co-chromatographed with the 
unlabelled standards with solvent benzene ethanol (9:1> v/v)*
The chromatograms were marked off under u*v. light.
A. Cell Count
In the cell suspensions studies it is necessary to determine 
the number of viable cells present* The method used is based on 
dye exclusion using trypan blue (Vfo w/v). An aliquot of the cell 
suspension was mixed with trypan blue to give a final concentration 
of 0*14^. The enumeration of the cell number was done using a 
Counting Chamber Neubauer (Gilman Hawksley, Lancing, Sussex)*
The most convenient techniques are based on observations that the 
surface of the membrane of living cells is able to selectively 
exclude the trypan blue, whereas dead cells permit the trypan blue 
to enter easily (Cummings 1970)* Using the above method 90 - 95$ 
of the cells obtained from the trachea were viable* The cells were 
centrifuged once more and the cell pellet was resuspended as 
required in Leibovitz medium, and stored on ice until required.
3* Cell Culture
A. Explant Culture
Our first attempt to culture epithelial cells was by explanting
a small fragment of the trachea on a cover slip, or using Corning 
culture flasks (polystyrene flasks specially treated for tissue 
culture purposes). In these experiments, 6 - 1 0  small pieces 
(each ring was cut in four parts) of tracheas were placed in each 
flask and allowed to adhere to the culture surface by partial 
drying at 37°C for one hour. After this time oml of medium 
Leibovitz L-15 with nutrients were added to the flask and incubated 
at 37°C* The medium was changed 24 hours after the explants 
were added and then changed again every 2 days* Some major 
advantages of the explant method are that the cells grow 
directly on the cover slip and spread out in such a way that 
they can be easily examined under the microscope. Explants 
cultures were also useful for histological studies of 
epithelial cells after fixing and staining in permanent 
preparation with Giensa and compared with those of cell 
suspensions.
When the cultures started growing the pieces of explants were 
removed. After the cultures showed a satisfactory growth (10 days) 
benzo(a)pyrene (2 pM) was added. However, due to difficulties 
in maintaining the cultures with a consistent rate of growth, 
the explant technique was replaced by cultures obtained from the 
cell suspensions.
B. Experiment with Cultured Epithelial Cells
Metabolism of benzo(a)pyrene*
After the cells became confluent, 2 ml of medium containing
’Z
[ h ] benzo(a)pyrene (2pM) was added to the flasks containing the 
cells and incubated for a further 1, 2, 4, 8, 12 or 24 hours* 
Benzo(a)pyrene solution was dissolved in DMF (Dimethyl formamide) 
in a final concentration of 0«5$* Control reaction mixtures
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consisted of 2 ml of the medium containing the [ IIJ benzo(a)- 
pyrene without the cells*
C* Extraction procedure for determination of metabolites 
i) Medium ethyl acetate soluble metabolites
After incubation, the medium was carefully aspirated off 
with a pasteur pipette and transferred to an extraction flask* 
The culture flasks were washed twice with FBSA (2 ml each time) 
to ensure the complete removal of the medium* The whole 
mixture (final volume 6 ml) was extracted twice with 10 ml 
of ethyl acetate. The ethyl acetate phases were then dried 
over anhydrous Na^ S0^, evaporated to dryness and the residue 
redissolved in 50 (J.1 of ethyl acetate. The sample, together 
with the unlabelled references compounds was applied to the 
base of silica gel plates, that were then developed with 
solvent, benzene: ethanol (9:1, v/v). The chromatograms were 
examined while still wet under u.v. light, the bands containing 
the compounds were marked* The localization and detection of 
the radiolabelled metabolites on the chromatograms were also 
made by scanning the plate as previously described*
) Ethyl acetate soluble metabolites in the cells
After removal of the medium, 1 ml of sodium lauryl sulphate 
(Dodecyl sodium sulphate or D,S.S*) 0*1$ w/v was added to the 
cells that remained in the culture flasks* The flasks were 
shaken vigorously and then incubated for 1 minute to completely 
remove and lyse the cells* The mixture containing the lysed 
cells was then transferred with a pasteur pipette to an
extraction funnel* The flasks were washed twice with 2 ml of 
water to completely remove the cells (final volume 7 ni 1)« The 
use of DoSoS, solution gave a complete solubilization of the 
cells* The lysed cells were extracted twice with 10 ml of 
ethyl acetate, following the same procedure as described above 
for the medium* The extraction with ethyl acetate gave a 
complete recovery of the radioactivity* The amounts of 
metabolites in the cells were then determined as described for 
the medium* .
iii) Nuclei Counting
Nuclei counting was performed using crystal violet in 0*1M 
citric acid* The monolayer cultures were rinsed twice with 
PBSA and drained well on absorbent paper* Citric acid, 2,0ml 
of O.lM solution, was added to the culture flasks and warmed 
at 37°C* The solutions were allowed to remain on the cells a 
sufficient time for the release of the nuclei., Incubation with 
citric acid for 1 hour with frequent shakings caused disruption 
of the cells and freed the nuclei. The resulting nuclei 
suspensions were stable at 5°C for at least 7 days* To count 
the nuclei, the hemocytometer was filled with the nuclei 
suspension and the process followed was as described above for 
cell suspensions (Absher 1973)*
D* Water-soluble metabolites
The medium remaining, after having been extracted with 
ethyl acetate, was extracted once more immediately before the 
enzymatic incubations* Aliquots of this medium (l ml) were 
incubated with 1 ml of (3-glucuronidase (type H*I* from Sigma)
(10 mg/ml) in 0*lM acetate buffer pH 5*0* The tubes were 
flushed with nitrogen, stoppered and incubated overnight in a
shaking water hath at 37°C* The enzyme hydrolysates were then 
extracted with ethyl acetate and the organic soluble metabolites 
were applied to the base of silica gel plates and developed 
with solvent benzene ethanol (9:1 v/v) and the spots located 
by examination of the plates under u.v* light* Control 
experiments were incubated with acetate buffer only*
E* Aryl Hydrocarbon Hydroxylase Assay
i) Determination of the enzyme activity in cell suspensions
AHH activity was determined using a modification of Denneys 
method (1973)* The cells in suspension wure centrifuged at 
2,000g for 10 minutes. The pellet was resuspended in 0©5nil 
of TRIS-rHCl (pH 7*4) and homogenized using a Potter Elvehjem 
teflon pestle. The determinations of the enzyme activity were 
carried out in duplicate. The incubation mixture consisted of 
500 p. moles of TRIS-HCl buffer, pH 7.^1 50 p moles MgCl^:
50 p moles isocitrate, 3*6 IU isocitrate dehydrogenase and 
5 p moles NADP* The reaction mixture was equilibrated for 
2 minutes in a shaking incubator, then 0*8 p. moles of benzo(a)— 
pyrene in 0*1 ml acetone was added and the mixture incubated 
in a shaking incubator for 20 minutes* At the end of 20 minutes, 
an equal volume of chilled acetone A*R* was added to stop the 
reaction* The samples were rapidly mixed then centrifuged for 
5 minutes to precipitate the protein* The blanks were prepared 
as test samples except that benzo(a)pyrene was added after the 
acetone *
An aliquot of 600 pi of the 50$ acetone mixture was added 
to 1*4 ml of 10*7$ (v/v ) of triethylamine in water to a total 
volume of 2 ml and rapidly mixed* Maximal fluorescence was
recorded with excitation wave length of. 467 nm and the emission 
running from 480 to 600 nm. Quinine sulphate was used as 
standard. The fluorescence spectra showed a single maximum 
at 520 nm. This maximum has been quantified as a group of 
products* The reaction products consist almost entirely of a 
mixture of hydroxy derivatives of benzo(a)pyrene, of which the 
most abundant is the 3 hydroxy-benzo(a)pyrene*
ii) Induction in tracheal epithelial cells - Determination 
of enzyme activity in cell culture
Benz(a)anthracene (BA) benzo(a)pyrene (b(a)p) and methyl- 
cholantrene (3MC) were used as inducers* The cells were.separated 
from the medium containing the inducer (after 19 hours incubation) 
and washed twice with PBSA* The cells were then collected in 
0.5ml of 500 p moles of TRIS-HCl pH 7*4 and homogenised using 
a Potter Elvehjem teflon pestle* The procedure followed was the 
same as described for the isolated cells*
RESULTS
RESULTS
1* Short-term organ culture
After short-term organ culture of hamster lung (fig* 8) 
and rat lung, (fig* 9) and trachea, benzo(a)pyrene was converted 
to ethyl acetate-soluble metabolites* In most lung incubations, 
the major ethyl acetate-soluble metabolite identified by co­
chromatography was the 9,10-dihydrodiol (tables 1 and 2)*
In the experiments with rat trachea however, (table 2) 
the major ethyl acetate-soluble metabolite formed was the 
3-hydroxy* In some cases, the amounts of 3-hydroxy in lung 
preparations were larger than the 9,10-dihydrodiol (tables 1 
and 2).
In many preparations an unidentified radioactive compound(s)(y ), 
which chromatographed between 4,5-dihydrodiol and 3-hydroxy was 
observed (tables 1 and 2)* Increased amounts of metabolites near 
the origin were also observed in rat lung and trachea preparations 
(table 2)*
The weight of tissue used has been shown to be of importance 
in determining the amounts of metabolites formed* Increase in 
the tissue weight used in the incubations produced a decrease in 
the amounts of total metabolites formed (fig* 10)«'
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Table 1* Amount of Metabolites formed by hamster lungs*
(short term organ culture - 16 hours incubation)
Sample & Tissue 
weight (mg)
9,10-
Diol
7,8-
Diol
4,5-
Diol
3-0H ; MetabYc ! Origin 
Me tab*
(p moles/g/min)
lung 52*0 10*8 1*8 0*7 0*05 2.7 0*3
lung 52*0 9*4 1*6 i*0 2*3 0*4 0*2
lung 52.0 8*6 lc3 0*4 0*7 1*3 0*4
Mean t  
S «D.
54.4± 4.2 9*6± 1*1 1*5- 0*3 0*7- 0*5 ■'■‘i.o- .1.1 1*0- 1*1 0*3- 0.1
lung 114*5 4*6 0*8 0*3 0*03 1*1 0*1
lung 112*1 5*2 1*0 0.4 0*4 0*8 0*2
lung 110.6 4*2 0*6 0*2 0*2 0*8 0*2
lung 106*9 4*4 0*6 0*5 0*2 0*8 0*2
Mean t 110*0+ 3*2 4*6- 0*4 0.7- 0*3 0 * y— 0*1 0*2- 0*2 0*9- 0*1 0*2± 0.0!
S*D*
lung 200.8 4*2 0*5 0*5 0*08 0*5 0*1
lung 208*4 2*3 0*6 0*4 2*9 0*4 0*1
lung 217*4 3*3 0*4 0*2 0*1 0*4 0*2
lung 219*0 3*7 0*3 0*1 0*2 0*4 0*3
Mean - 
S*D.
211*4^ 8*5 2*9± 0*7 0*4± 0*1 0*3- 0*2 0*8± 1*3 o*4±
OaO 0*2± 0*1
blank - 0*08 0*11 0*06 1*7 0*2 0*07
blank - 0*02 0.02 0*01 0*06 0*04 0*01
blank • - ^ .0*01 0*03 0*03 0*09 0*03 0*02
Mean i S*D* 0*03- 0*0 0*05- 0*0 0*03-0*02 0*62± 0*9 o*ii 0*1 0*03- 0*03
Abbreviations: 9,10-diol - 9,10-dihydro - 9,10 dihydroxy benzo(a)pyrene
7,8-diol - 7,8-dihydro - 7,8 dihydroxy benzo(a)pyrene
4,5-diol - 4,5-dihydro - 4,5 dihydroxy benzo(a)pyrene 
3-0H - 3-hydroxy benzo(a)pyrene
Table 2* Amount of metabolite formed by rat lungs and trachea* 
(short-term organ culture 16 hours incubation)
Sample & Tissue 
veight (mg)
9,10-
Diol
7,8- 4,5- 
Diol Diol 
(p moles/g/min)
3-0H Me tab Y* Origin
Met.
lung 56*2 3.9 2*4 1.9 2*6 1*8 2.1
lung 57.9 4*9 1*8 1.7 1*8 1*3 2*3
lung 47.0 2.6 1*0 0*7 2*8 2*4 2*4 ~
lung 53.3 2.3 0.7 0*8 13.3 3.6 2*0
Mean i 
S.D,
53.7 - 5.9 3.4± 1*2 1.5- 0*7 1*3- 0.6 5.14^ 5.4 2.3^ 1.0 2*2- 0*2
lung 108*9 2*5 0*5 0*7 0.6 0.5 1*6
lung 105.4 2.2 0*7 0*6 0.7 0*6 1*3
lung 105.0 2*2 0*7 0.6 2*5 0*5 2*3
lung 110*7 1*8 0*6 0.7 1*1 0*4 2*4
Mean -  
S*D.
107.5 + 2*8 2*2± 0*3 0.6± 0*08 0*6± 0*04 I*2i 0*9 0*5- 0*1 'U 9 - 0*5
lung 206.7 1*6 0.3 0*4 ; 1.5 0*15 1*4
lung 212*6 0*9 0.3 0*4 0*7 0*17 1*6
Mean 1  
Sob.
209.6 ± 4.2 1.2± 0*5 0.3- o 0*4± 0 l*li 0.6 0*l6±0*0l 1.5- 0*1
Trachea 52*9 1*8 0.7 0*8 2*4 0*5 1.3
30*7 3.3 1.3 0.7 5*8 0*7 1*0
blank - 0*03 0*06 0*08 0*11 0*07 0*01
blank - 0*03 0*06 0*05 0.14 0*06 0*01
blank - 0*01 0*01 0*01 0 0*02 0
Mean -  S*D* 0*02± 0*04± o.o^i o*osi 0*05- 0
0.01 0*02 0*03 0*07 0*02
Abbreviations: 9,10-diol - 9,10-dihydro - 9,10-dihydroxy benzo(a)pyrene
7,8-diol - 7s8-dihydro - 9,10 dihydroxy benzo(a)pyrene
4,5-diol - 4,5-dihydro - 9,10 dihydroxy benzo(a)pyrene
3-0H - 5 hydroxy benzo(a)pyrene
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2® Isolation of the tracheal epithelial cells
At the commencement of this study, there were in the 
literature three methods available for the isolation of tracheal 
cells® Spencer*s method (1958); a modification of Spencei^s 
method introduced by Narsh et al (1971) and.Smith*s method 
(1971)® These methods were based on brushing off the cells 
(Spencer 1958) as a dispersion technique® The cells were simply 
scraped from the fresh trachea using a camel hair brush and 
removing the cell suspension into a solution of 0®0lM ethyl— 
enediamine tetra acetate (KOTA) dissolved in isotonic sucrose 
adjusted to pH 7®4® The cell suspension produced by these 
methods, gives a good yield of cells but no mention of viability 
was made*
When we tried to establish the viability following these 
methods, it was found that the viability of the isolated cells, 
as measured by dye uptake was zero® In order to obtain viable 
cells essential for my studies, it seemed more appropriate to 
use enzyme digestion methods, as such methods have been used 
with success in attempts to isolate lungs cells®
The trachea was chopped with scissors and incubated with 
protease 0©05fo (w/v).in a shaking water bath at 37°C® Only a 
few cells appeared and the production of mucous was too intense 
to allow examination and identification of the cells under the 
microscope® Similar results were also obtained if the trachea 
was stirred with the protease solution using a magnetic stirrer® 
In an endeavour to separate the cells from the mucous, different 
dilutions of the enzymes and centrifugation of the cells obtained
were made, but these methods failed to obtain cells free of 
mucous® Similar results were obtained with trypsin used at 
0®15, 0®25 and 0®50^ (v/v) concentrations®
Due to the lack of success of these early experiments with
chopped trachea, and the various enzymes to isolate viable
tracheal cells, it was decided to use the entire trachea®
It was felt that the use of this -procedure might prevent the
excessive mucous production and thereby enable us to obtain
good yields of viable epithelial cells® Trypsin 0 o25fo (v/v)
was used with the entire trachea and incubated in a shaking
water bath at 37°C® A good release of cells was obtained and
for the first time they were viable* (90$), but the yield was 
4 .
only 2 - 14 x 10 cells® This compared with a yield of 
6
1®5 x 10 cells (Narsh 1971) but these were non-viable®
Exhaustive modifications were made in an attempt to improve 
the yield® These modifications included the use of different 
non-specific proteases, as possible dissociating agents in 
order to obtain a better yield (table 3)®
The results of these many modifications of enzymic digestion 
of the intact isolated trachea were rather disappointing (table 3)« 
Whilst many of the experiments resulted in viable cells, which 
was a significant advance on other published methods, they did 
not however, produce a significantly high yield of cells for the 
study of the effects of exogenous chemicals (e®g® carcinogens) 
and the further biochemical analyses that we wished to investigate 
with these cells® Further modifications were therefore needed 
to increase the yield of viable cells®
In all these experiments the entire rat tracheas were used 
and were incubated 4 times for 15 minutes at 37°C in a shaking 
water bath®
Enzymes Concentration No® of No® of ^ Viability
Experi- cells x 10
ments
Trypsin 0®25^ 14 2 - 1 4  90$
0®50$ 2 4 90$
Collagenase 0®0l$ 3 5 40 - 50$
0®06$ 1 4 50$
Trypsin + 0®25$ 1 - very few
Collagenase 0®0l$ viable
Pangestine 0®05$ 1 - very few
viable
Hyaluronidase 0®05$ 1 - very few
viable
Pronase 0®05$ 2 1®4 30$
Protease 0®05$ 4 4 60$
It occurred to me that the excessive production of mucous 
observed in earlier experiments using chopped tissue, might be 
avoided by slicing the tracheas into rings® The method was 
first used with rabbit trachea, then hamster and rats were used 
and proved to be very successful with good yields"of cells and 
high viability® Red cells were also present in these preparations, 
but with further improvements of the technique these could 
also be avoided (see later)®
A® Preparation of the tissue
The animals were killed by cervical dislocation® The neck 
and anterior thorax were dissected to expose the trachea® The 
respiratory tract from the larynx to just beyond the tracheal 
bifurcation was removed and placed in PBSA® The connective 
tissue was carefully trimined away from the trachea® The trachea 
was removed to a plastic petri dish containing 5 ml of Hank*s 
(Paul, 1975) balanced salt solution (B®S®S.)® Using a pasteur 
pipette, Hank*s _ BSS * solution was squeezed into the tracheal 
lumen in order to remove the mucous and blood aspirated during 
death®
The laryngeal end of the trachea was then removed, the 
trachea was transferred to another petri dish containing 5 ml 
of Hank's BSS solution and sliced down in rings using a scalpel, 
care being taken to avoid cutting the cartilage® The tracheal 
rings were weighed out using a dry petri dish® The rings were 
then placed in a 150 ml conical flask containing 10 ml of 
protease solution® Protease type V (purified from streptomiceus 
griseus) from Sigma was used® The solution (2®5 mg/ml) was 
made up daily in Hank's BSS solution, vigorously shaken and 
tlien centrifuged at 2,000g for .10 minutes®
B® Incubation®
The flask containing the rings was placed on a magnetic 
stirrer, placed in a 37°C room for 30 minutes® The supernatant 
containing the cell suspensions vas pipetted from the flask 
and replaced by another 10 ml of fresh protease solution and 
stirred for a further 30 minutes. At that stage the viability 
of the cells was tested by mixing an aliquot of the cell 
suspension with an equal volume of 1$ (v/V) of trypan blue®
The stained suspension was examined microscopically for their 
ability to exclude the stain®
At the end of each time of digestion the cell viability 
.-was checked in the same way® The first two sequential digestions 
released most of the cells from the tracheal rings® The process 
was repeated once more (total of 3 digestions)® The supernatant 
containing the cells, either as individual cells or in clumps, 
was immediately centrifuged at 2,000g for 10 minutes® After 
centrifugation the cell pellet was washed twice with Hank's 
BSS solution in order to protect the cells against further 
enzymatic digestion®
In this thesis, is described for the first time the 
isolation of viable epithelial cells from the trachea of rat 
and hamsters® The aim of further experiments vas to determine 
whether these isolated cells and the culture of epithelial cells 
could be used as an experimental system for respiratory 
carcinogenesis studies® The method outlined earlier described 
the successful isolation method for the tracheal cells® When 
examined by light microscopy, the isolated cells obtained 
appear to consist of 2 or 3 major cells types, namely ciliated,
non-ciliated and goblets cells (small number). The isolated 
tracheal epithelial cells were morphologically intact and in 
most preparations free of debris (fig. ll)c The average total 
yield was 1.0 - 1.5 x 10^ epithelial cells from every 3 tracheas, 
of which 95$ were viable. Some were single cells, the 
remainder being mostly clumps of cells (fig. 12). The plating 
efficiency, i.e. the percentage of inoculated viable cells 
that remained viable was the same in all preparations.
By phase microscopy, clear epithelium appear. The cytoplasm 
was clear and bright. The majority of cells were ciliated and 
the beating cilia could be easily seen by light microscopy or 
phase microscopy. Thus, although the types of ^epithelial cells 
present in the suspension have not been determined, they probably 
contain mainly ciliated cells.
C. Characterisation of Epithelial Cells
Before any metabolic studies were undertaken, some preliminary 
liistochemical investigations were performed on the cells in 
order to study the intra cellular distribution and activity of 
certain enzymes. Sometimes the disintegration procedure used 
for separating the cells could destroy, change or even render 
the enzymes unstable. The aim of these enzyme;, assays is to 
determine whether during isolation, the cellular constituents 
had undergone significant changes. The techniques were based 
on the incubation of the tissue with an appropriate substrate.
Some of these studies include:
i) Adenosine triphosphate (ATP) determination.
Cell Suspensions
Fig. 11. Freshly isolated tracheal epithelial cells, showing 
the pavement-like structure. Cilia are numerous and 
long. The cells are suspended in trypan blue solution.
Cell Suspensions
Fig. 12. A preparation of tracheal epithelial cell suspension.
Most material is in the form of large sheets of cells 
hut small cluster can he seen as veil as isolated cells. 
Phase contrast X 800
ii) Glucose 6-phosphatase (G 6 pase) activity since it was 
claimed that this enzyme is present in greater amount in the 
epithelium (Moscona 1965).
iii) Glucose-6-phosphate dehydrogenase vas measured 
qualitatively by using Neotetrazolium salts. This reaction 
enables enzymes activities to be localized intracellularly. All 
the results vere positive.
iv) Motility of the Cilia.
The majority of experiments on ciliary motion have been 
demonstrated to be involved with ATP. The motion of the cilia is 
known to be inhibited by inhibitors which block the SlI- groups 
present in the cilia. The compound 2,4-dinitrophenol, an inhibitor 
of oxidative phosphorylation* is therefore an inhibitor of ATP 
production. So, if ATP production is inhibited, the cilia velocity 
should decrease or stop*, One drop of. cell suspension vas placed 
on a slide and observed, then, one drop of 2,4-dinitrophenol 
(0.6 mM) was added to the cell suspensions. The cells were 
observed for 15 minutes. After 1.5 to 2.0 minutes, about 5 of every
10 cells stopped moving. The other 5 were observed for the
remaining 13 minutes and they were still beating at the end of that
time, although the movements had decreased. If the ciliated cells
were in clumps, the number of beatings were the same after the 
addition of 2,4-dinitrophenol.
v) Enzyme activity of the isolated cells.
AryJ hydrocarbon hydroxylase (AHH) or benzopyrene hydroxylase 
or benzo(a)pyrene 3 mono oxygenase (fig. 13) are mixed function 
oxidase systems that occur in the microsomal fraction of most 
tissues of animals and man. It is an inducible enzyme showing
BENZPYRENE HYDROXYLASE REACTION
1 !
Benzo (a )pyrene
NADPH
Enzyme System
i++
Other hydroxy— and 
quinone deriva fcive
O H
Fig, 13. Basic Assay System.
increased a c t i v i t y  after administration of different agents including 
polycyclic hydrocarbons and various other substances (Conney 1967; 
Nebert et Gelboin 1969). It vas of interest to measure the activity 
of this enzyme in the epithelial cell suspension. AHH plays an 
important role in the metabolism of polycyclic hydrocarbons.
The results indicated (fig. 14) that isolated tracheal epithelial 
cells contained relatively high levels -of'AHH activity* The tracheal 
epithelial cells have been show to possess activity of 0.29 p moles/ 
20min/mg protein).
D. Enzyme activity in cultured epithelial cells
The purpose of this experiment vas to examine the distribution 
of aryl hydrocarbon hydroxylase activity and its ability to be 
induced by polycyclic hydrocarbons in tracheal cells in culture. The 
result of a typical experiment comparing benzpyrene hydroxylase 
activity from epithelial cells previously treated vith BA; B(a)P 
and 3MC are shown in figure 15. BA and 3MC have been shovn to be 
the best inducers. The magnitude of aryl hydrocarbon hydroxylase 
induction ranged from 2 to 5 fold. After treatment vith B(a)p the 
enzyme vas induced 2.6 fold, vhile vith 3MC the increase vas 3.3 fold 
BA has s h o w  to be the best inducer vith a 5.2 fold increase (fig. 15).
The presence of AHH activity implies that epithelial cells 
possess an operational mechanism for the conversion of polycyclic 
hydrocarbons. Since the isolated tracheal cell suspensions have 
been s h o w  to contain significant amounts of the enzyme (basal level = 
0.29 p moles/20min/mg protein)it vas expected that vith the induction 
these amounts vould increase in the cell cultures. It might be that 
the lov induction obtained vith B(a)P, vas due to the dose used (2 p M), 
vhilst vith the other two hydrocarbons the concentration of both vere 10
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The present findings show that various metabolic functions 
characteristic of epithelial cells are preserved after isolation 
over a period of several hoursc The parameters of viability and 
the metabolic functions which have been selected for these cells 
permit a general assessment of cell integrity,,
3o Metabolism of benzo(a)pyrene by freshly isolated epithelial cells
This study was designed to determine the range of metabolites 
formed by isolated tracheal cells from adult rats. Although the 
amounts of metabolites formed by isolated cells were qualitatively 
similar to those formed by short—term organ culture, the amounts of 
the individual metabolites formed were smaller with isolated cells 
than with short-term organ culture,. Radioactive bands co-chromato­
graphing with the phenols and dihydrodiols, have been detected as 
shown on fig. 16. Attempts were also made to identify metabolites 
within the cells (fig. 16). It was demonstrated, however, that there 
was no retention of metabolites by the isolated cells during the 
6 hours incubation.
4. Explant Cultures
The explant culture technique was not used for the studies of 
metabolism, but was very useful for histomorphological studies. The 
cells grew out within 4 days of the explant. The explant cultures 
showed a fairly good out growth of cells. It was apparent that the 
epithelial cells formed a continuous sheet extending from the site of 
the explant over the culture flask (fig. 17)*
In some preparations the outgrowth was densely packed, while in 
others the outgrowth appeared to be more diffuse (fig. 18).
Metabolism of benzo(a)pyrene by freshly isolated epithelial cells0
control medium
3 - O H BtaiP
sample medium
sample' cell
Fig, 16. Ethyl acetate soluble metabolites detected in cell suspensions 
(Time incubation 6 hours).
Explant Culture
Fig, 17. Phase contrast photomicrograph of cultured tracheal 
epithelial cells showing large spread out cells with oval nuclei 
after 7 days of culture, X 800
Exp1ant Cultures.
Fig, IS, Explant cultures of trachea. Black areas are the explanted 
pieces. This figure illustrates also the emergence of fibroblasts 
(in top) X 800
5. Morphological Characteristics of the Explanted Outgrowth Cells.
After the explants were removed, the cultures attached to 
their coverslip or Corning flasks were stained and fixed in 
giensa for light microscopy,, Typically, the newly initiated outgrowth 
contained areas of small densely packed cells and areas of larger 
spread out cells (fig® 17)® The areas of densely packed cells 
were frequently found near the explants. Large cells were found 
in all outgrowths and were particularly numerous at the periphery 
of the outgrowths®
The places from which the explants had been removed appeared 
as darker areas (fig® 18)* Nuclei were typically oval and contained 
one or more small nucleoli (17, 19) chromatin dots were also 
apparent® The cell cytoplasm was clear and bright (fig® 20)®
The cell density however, did" not appear well correlated with the 
variations in the number of explants pieces® Although tracheal 
epithelium is one of the most difficult tissues to propagate in 
culture, sporadic success was obtained with the explant technique®
The outgrowth of cells sometimes formed a ring of epithelium 
surrounding the explants® Sometimes this outgrowth was also 
observed with cultures from cell suspensions® Mitoses were 
numerous in all preparations® ,
The presence of fibroblasts in the explant cultures always 
presented a problem® To prevent these outgrowths the cells were 
washed with trypsin solution®
However, after 10 days cultures, the cells seemed to deteriorate, 
therefore it was decided to change the technique to cell 
suspensions®
Cell Suspension Culture.
Fig. 19© Culture in cover slip shoving details of the oval nuclei 
and contained one or more small nucleoli. Phase contrast
3,200 X.
Explant Cultures.
lig. 20o Explant culture of trachea showing the clear and structure­
less cytoplasm alter 4 days in culturee Phase microscopy X 800«
6. Metabolism of benzo(a)pyrene by primary cultures of tracheal 
epithelial cells*
The metabolism of benzo(a)pyrene by primary tracheal epithelial 
cells in culture was studied* The results of the examined products 
detected in the cells and in the medium is described*
A, Time Course Studies
The time course studies of benzo(a)pyrene metabolism by cultured 
cells were more complicated than the studies seen with short-term 
organ culture and with isolated cells* There was a difference in 
the amounts of metabolites present in the cells and in the medium 
(fig* 21 and 22)*
B* Culture of freshly isolated tracheal cells
Solutions - Most of the solutions prepared were sterilized by 
autoclaving at 15 lb pressure for 15 minutes. Protease solution 
was prepared in Hank’s BSS solution, vigorously shaken, centrifuged 
at 2,000g for 10 minutes* The supernatant solution was carefully 
aspirated off in a plastic tube, centrifuged at l00,000g for 1 hour, 
and the supernatant solution then sterilized by pressure filtration 
through a sterile Millipore filter (g*s* Millipore filter)*
C* Cell Dissociation
The animals were killed by cervical dislocation and the abdomen 
swabbed with ethanol 70$. The animals were placed in a sterile 
cabinet, the trachea removed and immediately transferred to a petri 
dish containing sterile BSS solution* The procedure for dissociation 
of cells was the same as described earlier, only using sterile 
conditions* After the cells had been isolated, the aliquots were
Ra
di
oa
ct
iv
it
y 
CR
M 
x 
10
500
300 -
100
to
48
24
s/i a diol4~J I I
7,8diol 4j5 diol
3 - d  R  B t a > P
Fig® 21. Metabolites from medium after 4 hours incubation.
Ra
di
oa
ct
iv
it
y 
CP
M 
x 
10
750
450
150
t'-'i
10
9 / 1 o d l O l 4 ■ r
7,sdioi*4-.
— •—  ^  --- - - - V ”■
<4,Bdiol 3 - O H
Figo 22. Metabolites from cells after 4 hours incubation,
pooled and centrifuged* The cell pellet was resuspended and diluted 
as required in Leibovitz L-15 medium, with the nutrients as described 
above for short term culture*
D. Primary Cell Culture
Aliquots (0,5 ml) of the medium containing the cells in 
suspension were pipetted into sterile Corning culture flasks 
and 4*5 ml of the medium with the nutrients were added to the flask 
(final volume 5 ml)* The cells were incubated at 37°C until they 
became confluent (10 - 12 days)* The first medium change was 
made 24 hours after the seeding* This first medium change removed 
debris and unattached cells* Subsequent changes of the medium were 
then made every 2 days* Of the various experimental systems used 
in this study, these primary cell cultures appeared to be the most 
suitable for future studies in respiratory carcinogenesis*
In culture, the epithelial monolayers offer the advantage of 
cellular homogeneity stability for days, rather than for hours, as 
well as a much more rigid control of dosing, concentrations and 
time of exposure* In some preliminary experiments, the cultures 
were made on cover slips (fig* 23)* The results showed that normal 
epithelial cells from the trachea can grow readily "in vitro”*
Some cells commenced growth within a few hours of seeding (fig* 24)* 
Others did not begin to grow for almost one day, as the ciliated 
cells from the seeding of the suspension were still observed to be 
beating*
After 24 hours when large clumps of cells were observed, many 
cells had started to proliferate* In some cases, the clumps were 
firmly attached to the cover slip or to the plastic surface, and
Cc I1 Suspension Culture.
iigc 23. Rat tracheal epithelial cells in monolayer. Phase contrast 800 X
Cell Suspension Culture
//
Fig. 2k. Hot trachealepithelia1 cell in monolayers after 1 day of 
culture. Note transparent and homogeneous cytoplasm. 
Some of the seeding cells can still he seen.
Phase contrast X S00.
changing of medium did not interfere with the beating rate,, Within 
3 days of plating, the cells appeared as large formations (fig. 24). 
This growing cell population frequently appeared to be epithelial 
type (25)c At the end of 10 - 12 days, a uniform confluent mono­
layer of epithelial cells was formed (fig. 26)*
When viewed by light microscopy, or phase contrast microscopy, 
the cells resembled those of epithelial tissue (pavement-like)
(figs* 27 a and b).
The dihydrodiol metabolites increased to maximum amounts within 
12 hours and then decreased on further incubation (figs* 28 - 31)* 
However, when the amounts of the ethyl acetate-soluble metabolites 
started to decrease, the amounts of water soluble metabolites 
continued to increase (fig. 32). The amount of more polar ethyl 
acetate—soluble metabolites migrating near the origin also increased 
(fig* 33). These results suggested that the dihydrodiols themselves 
may be metabolised into water soluble metabolite(s) and to more 
polar ethyl acetate-soluble products.
The rate of metabolism of 3-hydroxy was faster than that of 
other metabolites (fig* 30). It reached its maximal amounts within 
4 hours of incubation, and then decreased during the next 4 hours 
period, and then the values started increasing slowly* These results 
suggested that the phenol may also be further metabolised to other 
soluble metabolites and to water-soluble compounds*
E . Estimation of the ethyl acetate soluble metabolites from medium
Chromatographic separation of ethyl acetate-extracts of 
incubation medium, containing cultured tracheal epithelial cells, 
showed that benzo(a)pyrene was converted into metabolites with the
78
Coll Suspension Culture
Fig. 25. Monolayer culture of tracheal epithelial cells after 5 days 
of culture. Note the large cell formation with cytoplasmic 
extensions. Phase contrast X 800.
Cell Suspension Culture
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Fig. 26. Cover slip cell suspension culture showing the uniform cell
density and the morphological appearance after 10 days culture. 
Light microscopy X 200.
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Cell Suspension Culture.
Fig. 27a. Some larger tracheal epithelial cells (l ) and some 
elongated cells (e ). The "pavement-like" structure 
in the central area (indicated by arrows).
Cell Suspension Culture.
Fig. 27b. Tracheal epithelial cells of a 7 day outgrowth 
Clear and denser cells. Phase contrast X 800.
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Fig® 29. Ethyl acetate soluble metabolite
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Cumulative production of 7,8 dihydro, 7,8 dihydroxy- 
benzo(a)pyrene by cultured tracheal epithelial cells«,
18
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Fig. 31. Ethyl acetate soluble metabolite
©  medium Ocells
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blank
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12 hours incubation
Fig. 32. B(a)p metabolites in the aqueous phase. Incubations were carried out 
with (3 glucuronidase (as described in methods) and then extracted with 
ethyl acetate. The water soluble metabolites increased with time of 
incubation.
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Fig*. 33. Radioactivity profiles of thin layer chromatogramy of ethyl acetate
soluble metabolites from medium contained [ H] benzo(a)pyrene after 
12 hours incubation.
chromatographies characteristics of the standards, "K-region" 
dihydrodiol 4,5-dihydrodiol, and the two "non K-region dihydrodiols 
and the 3-hydroxy benzo(a)pyrene.
The major ethyl acetate-soluble metabolite detected in the 
medium was 9,10 dihydrodiol. Considerably higher amounts of this 
metabolite were observed in the medium than the other metabolites, 
followed respectively by 4,5-dihydrodiol, 3-hydroxy and 7,8-di— 
"hydrodiol* The time course of accumulation of the various 
metabolites is s h o w  in figs. 28 - 31. These figures represent 
the average of 2 determinations. At the indicated times, the cells 
were treated with 2 p. M of [ H] benzo(a)pyrene and the epithelial 
fractions from the cells and from the medium were assayed as 
described in methods.
F . Estimation of ethyl acetate-soluble metabolites from cells
When the solubilized cells were extracted with ethyl acetate, 
similar profiles were obtained as those obtained with the medium, 
though in smaller amounts. No differences were observed in the 
formation of new metabolites within the cells.
G. Water-soluble metabolites
When the water-soluble metabolites were hydrolysed with 
(3-glucuronidase, the greater part of the radioactivity was 
released as ethyl acetate-soluble radioactivity. When this ethyl 
acetate-soluble radioactivity was chromatographed, the material 
associated with the only radioactive band had an Rf value similar 
to that of 3~hydroxybenzo(a)pyrene. The radioscan of the plates 
also confirmed the localization of the 3-hydroxy compound. The 
amount of water-soluble metabolites formed, increased with the 
time of incubation (between 12 and 24 hours incubation, fig. 32).
H. Further metabolism of benzo(a)pyrene by cultured cells
The appearance of radioactivity from the medium between 12 
and 24 hours was consistent with the appearance of the further 
metabolic products. The radioactive peak near the origin increased 
according to the time of incubation. This material at the origin 
may be due to further metabolites of primary metabolites of benzo(a)- 
pyrene, e.g. benzo(a)pyrene-3-yl hydrogen sulphate, 7, 8, 9, 10- 
tetrahydrotetrol plus unidentified metabolites (figs. 33 and 3^ )«.
In one experiment (fig. 33) radioactive bands co-chromatographing 
with catechols and quinones were also observed. In some preparations 
the presence of 3,6 quinone was suggested by the red colour, but it 
is not clear if the quinone results from atmospheric oxidation of 
phenolic substances or if it is actually produced enzymatically 
during incubation. It seemed that as soon as the metabolic products 
are formed they were immediately released in the medium. The only 
exception appeared to be 3-hydroxy. The rate of production of 
metabolites within the cells were higher than those in the medium 
(fig. 28 - 31).
Thus, the overall metabolism by cultured cells does increase 
with time, although not linearly (fig. 35 and 36).
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Fig. 34. Radioactivity profiles of thin layer chromatograms of
ethyl acetate soluble metabolites from medium containing
r'z
L H] benzo(a)pyrene after 24 hours incubation. The amounts 
of metabolites increase with time incubation.
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DISCUSSION
The marked increase in the incidence of bronchogenic carcinoma 
in man has focused attention on the importance of developing methods 
for studying mechanisms of differentiation, both normal and malignant, 
in tracheal epithelium (Saffotti, 1969)0 The carcinogenic activity 
of B(aP in experimental animals has been tested in many investigations 
and their results show that there is a difference in susceptibility 
to BP in different tissues, in different strains of the same species 
and in different species. The reasons for these differences are 
still unknown but they may depend in part on anatomical factors 
(Bock I963)* The human respiratory tumours whose occurrence appears 
to be most closely associated with tobacco smoking arise in the 
bronchial epithelium. In view of this, it is important to investigate 
sites that seem more relevant to the etiology of human lung cancer 
than the alveolar tissue. When a carcinogen is administered intra— 
tracheally, or by inhalation exposure, it is distributed evenly over 
large surface areas in various segments of the trachea, bronchial 
tree and the alveolar parenchyma. Thus not only dose and dose rate 
but also duration of exposure to a carcinogen are poorly defined.
One of the major aims of the present studies was to determine 
the ability of lung and trachea, in particular the tracheal epithelium, 
to metabolize benzo(a)pyrene. Short-term organ cultures, using lung 
and trachea of rat and hamster, were able to metabolize benzo(a)— 
pyrene to ethyl acetate-soluble metabolites, which co-chromatographed 
with 9»10-diol, 7»8-diol, 4,5-diol and 3—hydroxybenzo(a)pyrene. A 
metabolite (y ) migrating between the 4,5-diol and 3-hydroxybenzo(a) 
pyrene was also observed.
The results, with short-term organ culture, have shown 
significant difference in pattern of metabolism according to the 
■.weight of tissue used (fig* 10)„ Possible reasons for this are:
a) further metabolism of initial metabolites
b) retention of metabolites by larger samples
c) inadequate contact of the benzo(a)pyrene with larger samples
d) bound metabolites formed but retained in the organ, since
■i
no attempts were made to extract metabolites from organ, but
only from the culture medium*
It is evident from these studies that there are differences 
between hamster lung and rat lung* Hamster lung is more sensitive 
to benzo(a)pyrene carcinogenesis than rat lung. In these studies 
hamster lungs metabolized benzo(a)pyrene, more rapidly than rat 
lungs (tables 1 and 2)* However, qualitatively benzo(a)pyrene was
✓
metabolized to similar metabolites by both rat and hamster lung in 
short-term organ cultures* In both preparations, the major ethyl 
acetate-extractable metabolites identified in the medium was
9,10-diol. It was observed that in some preparations the amounts 
of the unidentified compound Y were higher than 7,8-diol, 4,5-diol 
and 3-hydroxy (table l)„
I have described a new method to obtain cell suspension from 
the trachea. The cells were dispersed with proteolytic enzymes.
The cells obtained from the trachea were morphologically intact 
and metabolically active* It is advantageous to use the isolated 
tracheal cells system where the microsomal monooxygenase functions 
under conditions that closely resemble in vivo situation.
Techniques for the isolation of viable tracheal epithelial
cells in good yields have been described. The cells have been 
characterised with regard to various viability criteria including 
the activity of aryl hydrocarbon hydroxylase and its induction 
properties* One of the essential requirements of most biological 
investigations using cellular preparations is tie assertion of cell 
viability* Cell viability has been assessed as morphological 
integrity and metabolic capacity, or interpreted as a specific 
cellular function. The most widely applied criteria for investi­
gation of cell permeability is the exclusion by cells of dyes with 
high molecular weights (e.g* trypan blue o;r eosin).
Initial experiments with cell suspensions were made to 
establish whether or not the freshly isolated cells were able to 
metabolize benzo(a)pyrene. In isolated epithelial cells, only 
small amounts of metabolites were formed, although the number 
of cells was 3 x 10^/incubation. However, quantitatively, the 
metabolites formed were similar to those of short-term organ culture. 
The metabolites 9»10-diol, 7,8-diol, 4,5-diol and 3-hydroxybenzo(a)— 
pyrene were obtained, but with freshly isolated cell suspensions 
the major metabolite formed was 3-hydroxy. The small amounts of 
metabolites formed by freshly isolated cells may have been due to 
the very short time of incubation (6 hours, time during which the 
viability was unaltered). This time may have been insufficient to 
metabolize the concentration of benzo(a)pyrene (2{jM). This seemed 
most likely since the time course with cultured cells from freshly 
isolated tracheal cells has shown a good correlation between the 
time of incubation and the production of metabolites. The rate of 
conversion of benzo(a)pyrene into metabolites was not linear, but 
increased with time of incubation. The lack of linearity was most 
probably due to further metabolism* The development of a cultured
cell system is well suited for quantitative studies. The cultured 
cells serve as the target tissue and uniform exposure of the 
entire tracheal epithelium over an extended period of time in 
comparison with isolated cells. The monolayer methods offer the 
possibility for study of various factors that are correlated with 
lung cancer.
The cells growing out appeared rather large and epithelial 
and revealed pavement like arrangements (fig. 27 a and b). A 
characteristic of the epithelial cells is that the majority of the 
cells were in a dividing state. At least two types of cells in form 
of epithelial sheet were present in the outgrowth zone (fig* 18, 25). 
These cells were readily distinguished from each other by light 
microscopy. '
The ciliated and goblets cells are considered to be differ­
entiated while the basal cells are regenerative. The basal cells, 
rather than the goblet or ciliated cells, undergo changes which are 
truly responsible for producing the metaplastic epithelium* 
Unfortunately it was not possible to observe the structure of these 
cells by electron microscopy, in order to observe some more 
characteristics of the growing epithelium*
The initial reaction that leads to the formation of dihydrodiols 
is an oxidation of aromatic double bounds (figs. 4, 5) to form 
epoxides. The oxidation in rats is catalysed by microsomal 
oxygenases. (Grover et al 1972; Keysell et al 1973).
Most of the studies with cell culture, have studied the 
metabolites in the medium only. With the method used in this study, 
it was possible to extract the metabolites retained in the cells
and also identify them* A quantitative recovery of radioactivity 
•was obtained by using the solubilizer DSS prior to extraction with 
ethyl acetate. It was found that the metabolites in the cells were 
the same as those in the medium* In the cells cultures, the major 
metabolite formed was the 9,10-diol, distinctly in higher amounts 
than the other metabolites. The next major metabolite found was 
the 4,5-diol, followed by the 3-hydroxy and the 7,8-diol (fig, 28 —
31). ' :
The only major water soluble metabolite identified after 
treatment with (3-glucuronidase was the glucuronide conjugate of 
3-hydroxy (fig, 32), It was important to observe that in some 
preparations 50/& of the radioactivity was extracted from the cells 
solubilized with DSS after 24 hours>incubation. This could explain 
also the increase of the water-soluble metabolites in the medium.
Of special interest in this study was the finding of 9,10-diol 
as the major metabolite. Sims (1970a) using mouse embryo cells 
found 3-hydroxy as the major metabolite. Also there was no evidence 
for the presence of significant amounts of the K region diol in 
the study of Sims (1970a) in contrast to the present study. The 
results reported here suggest that epoxide hydrase in the tracheal 
epithelial cells is high, so that the formation of dihydrodiols was 
also high.
Recently it has become evident that some dihydrodiols are 
further metabolized to active intermediates that reacts with DNA 
(Borgen et ai 1973? Sims et al 1974). Although the major route 
for the formation of highly reactive diol-epoxides is via 7,8- 
dihydrodiol, 9,10-diol may also play a role in the formation of
diol-epoxides* It is clear that the two dihydrodiols studied 
are metabolised by different major pathways (fig, 6) (Booth and ' 
Sims 1976), The amounts of 7,8-diol formed by the cultured 
tracheal epithelial cells were about 5 times lower than 9,10-diol at 
the end of incubation*
At one stage (8 hours incubation) the amount of both
metabolites were almost similar, about 14 p moles/10^ cells for
9,10-diol and 10 p moles/10^ cells for 7,8-diol. Then the amount
of 9,l0diol formed steadily increases reaching a maximum of l6o p 
6moles/10 cells, while the maximum amount of 7,8-diol formed was 
only 32 p moles/10^ cells at the end of incubation. This suggests 
either more binding of the 7,8-diol occurred or that it was possibly 
conjugated more readily. The potent mutagenicity, carcinogenicity 
and biological activity of the 7,8-diol 9,10-oxide, suggest that the 
formation of significant amounts of 7,8-dihydrodiol obtained in 
this study (fig. 3l) may be of biological significance. -
In the experiment with cultured cells, the production of the 
3-hydroxybenzo(a)pyrene was smaller than 9,10-diol and 4,5-diol*
The lower amounts of 3-hydroxy may have been due to:
i) its relatively rapid conjugation to water soluble 
glucuronide conjugate, or
ii) conjugation to sulphate, or
iii) binding to macromolecules, or
iv) further metabolism to quinones
There was a rapid increase in the amount of phenol in the 
medium during the first 4 hours, then a decrease probably due to 
further metabolism of the phenol* The production of the phenol 
continued during the time of incubation (fig* 30)* In the cells
there was a linear increase to 8 hours of incubation, a plateau 
was formed for the next 4 hours, and then a rapid and high 
increase within the cells occurred in the last 12 hours of 
incubation* Thus, the phenol tended to accumulate in the cells, 
as was also observed by Vadi et al (l975)o In relation to the 
other metabolites, the pattern of distribution of metabolites 
were in agreement with the findings in the medium, though the 
amounts of all metabolites were much lower.
The absence of 4,5-diol in the first hours in the cell fraction 
may be due to'.binding to cell or tissue* Thus it is possible that 
the binding of benzo(a)pyrene 4—5 oxide to macromolecules such as 
DNA occurred faster than the formation of 4,5 dihydrodiol.
It was found that significant amounts of aryl hydrocarbon 
hydroxylase activity were present in the freshly isolated cells. 
Experiments described in this study were designed to examine the 
activity and inducibility of aryl hydrocarbon hydroxylase in 
tracheal epithelial cells* The addition of polycyclic hydrocarbons 
to tracheal epithelial cell cultures increased the aryl hydrocarbon 
hydroxylase activity. The reason for the higher activity of 
epithelial cells might be related to the higher incidence of 
carcinomas. The inducibility of the cultured epithelial cells 
varied in magnitude according to the polycyclic hydrocarbon tested* 
The treatment of the cells with 3-methylcholanthrene, (3MC), 
benz(a)anthracene (BA) and benzo(a)pyrene (B(a)p) resulted in 
about 3 to 5 fold increase in aryl hydrocarbon hydroxylase 
activity (fig* 15). The highest levels of aryl hydrocarbon 
hydroxylase induced by polycyclic hydrocarbons were found to be 
by benz(a)anthra cene *
The magnitude of enzyme induction in rat foetal cells culture 
was only 2 - 3  fold higher. (Nebert and Gelboin, 1969)0 Thus, 
the ability to induce the enzyme system by polycyclic hydrocarbon 
differ also among the types of cells* The relationship of the 
presence and induction of the hydroxylase enzyme system to tumour 
susceptibility in different tissues might be important in 
understanding polycyclic hydrocarbon carcinogenesis. The results 
obtained in this work suggested that the induction of aryl hydro­
carbon hydroxylase may play an important role in the metabolism 
of the epithelial cells in culture*
Kinoshita and Gelboin (1972) have induced epithelial 
carcinomas with 7,12-dimethylbenz(a)anthracene and have found 
that decreased aryl hydroxylase activity resulted in decreased 
tumour formation* This implies that aryl hydrocarbon hydroxylase 
systems result in metabolism of the parent hydrocarbon to a 
proximate carcinogen. There also appears to be an association 
between the presence of aryl hydrocarbon hydroxylase activity and 
polycyclic hydrocarbon toxicity in culture*
Enzyme induction may enhance metabolic pathways leading to 
metabolites that are more carcinogenic (such is the case of 
7,8 dihydrodiol)* The induction of microsomal enzymes that metabolize 
benzo(a)pyrene results in enhanced formation of metabolites that 
binds to DNA in vitro (Gelboin 1969) and recent studies have 
suggested that hydroxylated metabolites are more cytotoxic and 
mutagenic than benzo(a)pyrene in tissue cultures (Wood et al 1975; 
Kapitulnik et al 1977).
The possibility that benzo(a)pyrene can stimulate its own 
metabolism in vitro was supported from the results obtained with
tracheal epithelial cells cultures. After 8 hours of incubation 
higher amounts of metabolism were formed (figs* 2 8 - 3 1 ) .
Polycyclic hydrocarbons are potent inducers of the aryl hydrocarbon 
hydroxylase in cell culture, therefore they induce their own 
metabolism, after relatively long exposure. A similar situation 
appears likely to exist in man where long term exposure of 
pulmonary tissue to the polycyclic hydrocarbons present in the 
urban atmosphere and in tobacco smoke will lead to induction of 
this enzyme.
On the basis of detailed studies of the metabolism of benzo— 
(a)pyrene in mouse embryo cells, it has been suggested that several 
metabolic pathways may exist, only one of which results in macro- 
molecular interaction. This may indicate different pathways of 
metabolism of this hydrocarbon by different cells types (Duncan 
and Brooks, 1970)• The overall metabolism by cultured cells does 
increase continuously with time, although not linearly.
An example of the profiles of benzo(a)pyrene in the medium 
after 12 hours and after 2k hours incubation, indicating the 
relative position of the various metabolites and the presence of 
minor compounds were also observed (figs. 35 and 36). In the 
present experiments, smaller amounts of quinones and catechols 
were observed in the cells and in the medium (fig. 35). The 
presence of further metabolites were also significant. Since 
catechols and quinones were detected only after 12 hours of 
incubation, it is possible that those compounds are true 
metabolites and not a result of a spontaneous oxidation. This may 
also reflect a further metabolism of some of the formed metabolites 
by the mixed function oxidase system.
The rate of hydrocarbon metabolism was higher in cultured 
epithelial cells than that of short-term organ culture. The 
lowest rates of metabolism were obtained with the freshly isolated 
cell suspensions, but one point must be considered, the time of 
incubation (6 hours) may have been too short. The possibility 
that during isolation the cells could become slightly injured was 
considered at first. On the other hand, the biochemical procedures 
employed reinforce the ultra structural identity of isolated 
cultured cells, as well as its integrity. -
The rate of benzo(a)pyrene metabolism by cultured epithelial 
cells seems to correlate with the sensitivity of these cultures 
to the toxic effects of carcinogenic hydrocarbons. The number of 
cultured cells/flask was 7 - 9 x 10 cells. Sensitive rodent cells 
rapidly metabolize benzo(a)pyrene whereas resistant cells metabolize 
benzo(a)pyrene more slowly or do not metabolize it at all. The 
cell culture systems have yielded valuable information about 
enzymes systems involved in their metabolism, reaction mechanism 
as well as other factors such as penetration and binding of the 
compound studied.
The main reason for this efficacy probably lies in the fact 
that there is no interference of external agents and so, the 
carcinogen is in the intimate contact with all the tracheal cells 
that are exposed. The cumulative production of metabolites per 
time of incubation is probably several orders of magnitude higher 
in this culture system than can be achieved with isolated cells.
From the results presented here, it is clear that cultured 
epithelial cells have a considerable capacity for taking up 
benzo(a)pyrene and most probably for binding also. Lubet et al (1975)
have demonstrated that the toxic properties of benzo(a)pyrene 
are closely linked to the overall metabolism, while its carcinogenic 
properties and their relationship to overall metabolism in hamster 
embryo cells are still to be determined.
In this study tracheal epithelial cells in culture were able 
to metabolise benzo(a)pyrene. Thus, the cell cultures could be 
used as a tool to determine variations in binding and in inhibiting 
the induction of benzo(a)pyrene hydroxylase in the human tracheal 
epithelium. Further studies with the model system described here, 
should elucidate certain differences in the mechanism of action of 
polycyclic hydrocarbons and their derivatives. In such systems 
where effects due to nutritional, hormonal and environmental factors 
can be strictly controlled one can study specific effects on 
cellular metabolism and hopefully further elucidate the interactions 
of carcinogenic polycyclic aromatic hydrocarbons with cells 
susceptible to their carcinogenic action.
As an in vitro system which can be maintained for a long period 
and with good viability index, tracheal epithelial cells grown in 
culture are well suited for the study of induction and the metabolism 
of other drugs besides carcinogenic compounds.
CONCLUDING REMARKS
Concluding Remarks
Human respiratory tumours related to tobacco smoking, arise 
in the bronchial epithelium. Animal models for the study of 
respiratory carcinogenesis should therefore use a related cell 
type such as tracheal epithelial cells rather than alveolar cells.
It was of interest to determine if a system for studying 
lung carcinogenesis could be developed which used a relevant 
cell type. I have described for the first time the successful 
isolation of viable epithelial cells from the trachea. The cell 
suspensions system has the advantage that it can be used to study 
the metabolism of polycyclic hydrocarbons in system free of 
variable such as hormones and nutrients and other endogenous 
substances.
The isolation of the tracheal epithelial cells in sufficient 
quantity for biochemical studies has shown considerable difficulties 
due to:
i) small number of cells for trachea
ii) the relative resistance to digestions showed by the 
tissue even using different techniques.
iii) the difficulty in finding the enzymes that would 
isolate viable cells
iv) the difficulty in increasing the yield of cells without 
the interference of mucous production.
However, the method described gives a good yield of viable 
cells, most of which appear to be ciliated cells. The cells were
characterised by various histochemical analyses. One major 
advantage of isolated cells such as the isolated tracheal cell 
system, is the maintenance of both phase I and phase II metabolising 
enzymes under conditions that closely resemble those in vivo.
Cell cultures derived from explants were used for morphological 
studies which brought some more light on epithelial cells structure 
and reactivity. Cell cultures derived from freshly isolated 
epithelial tracheal cells were used for metabolic studies. The 
method and results presented in this study showed that tracheal 
epithelium can be examined by co-ordinated biochemical and 
morphological studies.
Of interest was the observation of high basal activities of 
aryl hydrocarbon hydroxylase in the isolated cells (base line). 
Polycyclic hydrocarbons are potent inducers of aryl hydrocarbon 
hydroxylase in cell culture and therefore induce their own 
metabolism, after long exposure. A similar situation appears 
likely to exist in man where long term exposure of pulmunary tissue 
to the polycyclic hydrocarbon present in the urban atmosphere and • 
in tobacco smoke. The addition of polycyclic hydrocarbon to 
cultured epithelial cells increases the amounts of aryl hydroxylase 
activity 3 to 5 fold, and the best inducer was benz(a)anthracene.
The activity of this inducible enzyme has been measured by the 
amount of 3-hydroxybenzo(a)pyrene formed. The monolayer methods 
offer the possibility for study of various factors that are 
correlated with lung cancer. There seems to be a link between 
the incidence of carcinoma of the human bronchus and the inducibility 
of benzo(a)pyrene hydroxylase by cells cultures.
In view of the relationship between chemical carcinogenesis 
and mutagenesis (Ames et al 1973? Huberman and Sachs 1976) an 
important problem is to identify the active metabolites that are 
mutagenic for mammalian cells. The toxic properties of benzo(a)- 
pyrene are closely linked to its overall metabolism while its 
carcinogenic properties and their relationship to overall 
metabolism in hamster embryo cells are still undertermined. The 
same could be suggested for the tracheal cells.
Cultured epithelial cells were found to be capable of 
converting benzo(a)pyrene into dihydrodiols derivatives, phenols 
and water-soluble conjugates. This suggested that at least two 
enzymes systems microsomal monooxygenases and epoxide hydrase were 
present in cultured epithelial cell. It is possible that 
glutathione S—epoxide transferase might also be present, since 
unidentified metabolites were detected in our experiments*
A comparison of the metabolism of benzo(a)pyrene by short­
term organ culture, by freshly isolated epithelial cells and by 
cell cultures showed that these systems were able to metabolize 
benzo(a)pyrene* Investigations using organ culture or freshly 
isolated cells have found significant reates of metabolite production 
although with these preparations the rates with the isolated cells 
were lower than the cultured cells. The major metabolite formed by 
cultured cells and by short-term organ culture was 9,10—diol* The 
amount of 7,8-diol formed was also significant since it is possible 
that the 7,8-diol could react with DNA after- the formation of the 
diol epoxide.
A comparison of the metabolism of benzo(a)pyrene by short
term organ culture, by freshly isolated epithelial cells and by 
cell culture showed that these systems were all able to metabolize 
benzo(a)pyrene. Investigations using organ culture or freshly 
isolated cells, have found significant production of various 
benzo(a)pyrene metabolites although the rates with the isolated 
cells were lower than the cultured cells.
The major metabolite formed by cultured cells and by 
short term organ culture ■was 9,10-diol. The amount of 7,8-diol 
formed may be of major biological significance, since this may 
be converted to the diol-epoxide which could react with DNA. 
Presumably the binding of dihydrodiols to DNA and protein and 
the conversion of dihydrodiols into water-soluble glutathione 
derivatives, occur only after the formation of intermediates such 
as diol-epoxides. The results reported on this study indicate 
that the pathways for the metabolism of benzo(a)pyrene are the 
same as described for other preparations.
Carcinogenic hydrocarbons may therefore exert their effect 
through the formation of epoxide intermediates, possibly the 
diol-epoxide 7,8-diol, 9,10-epoxide (fig. 5) which binds to 
DNA. or some other macromolecule and that has been demonstrated 
to be highly reactive, highly mutagenic and cytotoxic and may be 
a proximate carcinogen of benzo(a)pyrene.
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